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ABSTRACT
T w o -d im e n s io n a l ,  t im e -d e p e n d e n t  t r a n s p o r t  e q u a t i o n s  w ere  d e v e lo p e d  
t h a t  p r e d i c t  v e l o c i t y  p r o f i l e s ,  t i d a l  f l u c t u a t i o n s ,  and te m p e r a tu r e  
and  s a l i n i t y  p r o f i l e s  as a f u n c t i o n  o f  t im e  f o r  a  c o a s t a l  b a y - s a l t  
m a rsh  sy s te m  when e n v i r o n m e n ta l  c o n d i t i o n s ,  t i d a l  v a r i a t i o n s  a t  th e  
p a s s e s  and f r e s h  w a te r  f lo w s  i n t o  th e  sy s tem  a r e  s p e c i f i e d .  The e q u a ­
t i o n s  w ere  s o lv e d  o n  a  d i g i t a l  com puter f o r  th e  B a r a t a r i a  Bay r e g i o n  
o f  c o a s t a l  L o u i s i a n a .
I t  was fo u n d  t h a t  t h e  Hydrodynam ic Model a c c u r a t e l y  p r e d i c t e d  
th e  dynam ics o f  t i d a l  f l u c t u a t i o n s  and  v e l o c i t y  p r o f i l e s  in  th e  
B a r a t a r i a  Bay sy s te m  f o r  marsh a r e a s  as w e l l  a s  open  w a te r s  o f  th e  
b a y .  V e r i f i c a t i o n  of th e  a n a l y s i s  was made by com paring  w i th  e x p e r i ­
m e n ta l  d a t a  m e a su re d  i n  t h e  bay  and  b y  co m p ar in g  w i t h  r e s u l t s  o b t a in e d  
by o t h e r  i n v e s t i g a t o r s  i n  s i m i l a r  b ay s .
The E nergy  T r a n s p o r t  Model was fo u n d  to  a c c u r a t e l y  p r e d i c t  th e  
t i m e - v a r y i n g  t e m p e ra tu r e  d i s t r i b u t i o n s  i n  th e  B a r a t a r i a  Bay sy s tem  fo r  
m a rsh  a r e a s  a s  w e l l  a s  open w a te r s  o f  t h e  bay .  V e r i f i c a t i o n  o f  th e  
a n a l y s i s  was made b y  com paring  w i th  e x p e r i m e n t a l  d a t a  m e asu re d  in  th e  
b ay  and by  co m p ar in g  w i t h  r e s u l t s  o b t a in e d  by o t h e r  i n v e s t i g a t o r s  in  
s i m i l a r  b a y s .
The M a t e r i a l s  T r a n s p o r t  Model was found to  a c c u r a t e l y  p r e d i c t  th e  
t im e  v a r y in g  s a l i n i t y  d i s t r i b u t i o n s  i n  t h e  B a r a t a r i a  Bay sy s tem  f o r  
m arsh  a r e a s  a s  w e l l  a s  open w a te r s  o f  t h e  b ay .  V e r i f i c a t i o n  o f  th e  
a n a l y s i s  was made u s i n g  c o m p a r is o n s  o f  com puted  d a i l y - a v e r a g e  s a l i n i t y  
d i s t r i b u t i o n s  w i th  m easured  s a l i n i t y  d i s t r i b u t i o n s  r e p o r t e d  i n  th e  
l i t e r a t u r e .
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R e s u l t s  are. r e p o r t e d  f o r  th e  dynam ics  o f  t i d a l  f l u c t u a t i o n s ,  
v e l o c i t y  p r o f i l e s ,  and s a l i n i t y  and  t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  
c o n d i t i o n s  e n c o u n te r e d  in  May o f  a  t y p i c a l  y e a r  ( 1 9 7 0 ) .  T h is  in fo rm a ­
t i o n  d e m o n s t r a te d  t h e  r a n g e  o f  c a p a b i l i t y  o f  th e  a n a l y s e s  and p r o v id e d  
a s e t  o f  r e f e r e n c e  s o l u t i o n s  from th e  m o d e ls .
A n a ly s i s  o f  th e  e f f e c t  o f  h ig h  f r e s h - w a t e r  r u n o f f  was s t u d i e d  
w i t h  th e  m odels  t o  s i m u l a t e  c o n d i t i o n s  e n c o u n te r e d  i n  a " w e t - y e a r . "  
R e s u l t s  w ere  o b t a i n e d  t h a t  show th e  s h i f t  i n  s a l i n i t y  p r o f i l e s  due to  
i n c r e a s e d  f r e s h - w a t e r  f low  i n t o  t h e  bay  s y s te m .
A n a ly s i s  o f  th e  e f f e c t  o f  a  c o l d - f r o n ^ \ ^ a s  s t u d i e d  w i th  th e  m odels  
t o  s i m u l a t e  t h i s  ty p e  o f  e n v i ro n m e n ta l  c o n d i t i o n  t h a t  i s  e n c o u n te r e d  
i n  e a r l y  s p r i n g  and i s  d e t r i m e n t a l  t o  t h e  c o m m e rc ia l ly  im p o r t a n t  s p e c i e s  
i n  th e  bay  s y s te m .  R e s u l t s  show t h a t  th e  e f f e c t  o f  th e  c o ld  f r o n t  on 
th e  w a te r  t e m p e r a t u r e  a t  t y p i c a l  w a te r  d e p th s  c a n  amount t o  a  10°F d ro p  
w i t h i n  s e v e r a l  h o u r s .
A n a ly s i s  o f  th e  e f f e c t  o f  a  t i d a l  s u r g e  from a  h u r r i c a n e  l i k e  
H u r r i c a n e  C a m il le  was s t u d i e d .  R e s u l t s  a r e  r e p o r t e d  t h a t  show th e  
s h i f t  in  s a l i n i t y  d i s t r i b u t i o n s  a s  com pared w i th  t y p i c a l  c o n d i t i o n s  and 
show th e  h ig h  s a l i n i t y  G u lf  w a te r s  moved i n t o  th e  u p p e r  re a c h e s -  o f  th e  
e s t u a r y .
For  th e  t y p i c a l  c o n d i t i o n s  s t u d i e d ,  i t  was found  t h a t  th e  model 
r e a c h e s  a  q u a s i - s t e a d y  s t a t e  i n  t h r e e  t o  f i v e  t i d a l  c y c l e s .  T h is  i s  in  
a g re e m e n t  w i th  r e s u l t s  o f  o t h e r  i n v e s t i g a t i o n s .
The t r a n s p o r t  e q u a t i o n s  w ere  t i m e - a v e r a g e d ,  and th e  te rm s t h a t  
a r i s e  from th e  t i m e - a v e r a g i n g  w ere  e v a l u a t e d  f o r  th e  x -com ponen t o f  
th e  e q u a t i o n  o f  m o t io n .  I t  was found t h a t  t h e s e  te rm s  a r i s i n g  from 
th e  t i m e - a v e r a g in g  c a n n o t  be n e g l e c t e d  i f  th e  e q u a t i o n s  a r e  s o lv e d
since- l .h e i r  sum Ls ol th e  same o r d e r  o f  m a g n itu d e  a s  th e  l a r g e s t  o t h e r  
Lerm in th e  t im e - a v e r a g e d  e q u a t i o n s .
Computer p rogram s o f  th e  m ode ls  a r e  g iv e n  in  a form t h a t  c an  be 
r e a d i l y  u sed  by e n g i n e e r s  and s c i e n t i s t s  f o r  s t u d i e s  o f  e c o l o g i c a l  
d e s i g n ,  e . g .  s a l i n i t y  c o n t r o l  f o r  f i s h e r i e s  m anagem ent. U se rs  m anua ls  




I n t r o d u c t i o n
The p u rp o s e  o f  t h i s  d i s s e r t a t i o n  i s  t o  d e v e lo p  a  m a th e m a t ic a l  
m odel o f  t h e  momentum, e n e r g y ,  and  m ass t r a n s f e r  o f  an  e s t u a r i n e  bay 
s y s t e m * ^ .  P a r t i c u l a r  e m p h as is  w i l l  be g iv e n  to  t h e  a p p l i c a t i o n  o f  
t h i s  m a th e m a t ic a l  model t o  th e  B a r a t a r i a  Bay S ystem . T h is  c h a p t e r  
w i l l  s e r v e  a s  a  g e n e r a l  i n t r o d u c t i o n  t o  th e  s u b j e c t  o f  e s t u a r i n e  
s y s te m  a n a l y s i s  and  w i l l  e s t a b l i s h  th e  a p p r o p r i a t e  g round  work f o r  
f u r t h e r  d ev e lo p m en t i n  s u b s e q u e n t  c h a p t e r s .
The c h a p t e r  w i l l  c o n s i s t  o f  t h r e e  p a r t s :  t h e  f i r s t  w i l l  be a
d i s c u s s i o n  o f  t h e  im p o r ta n c e  and  d i f f i c u l t i e s  o f  m o d e lin g  e s t u a r i n e  
b a y s ;  t h e  seco n d  p a r t  w i l l  b e  a  b r i e f  o v e rv ie w  o f  e s t u a r i n e  a n a l y s i s ;  
an d  t h e  c o n c l u s i o n  w i l l  c o n s i s t  o f  a  s t a t e m e n t  on th e  o b j e c t i v e s  o f  
t h i s  p r e s e n t  r e s e a r c h .
The Im p o r ta n c e  o f  M odeling  E s t u a r i n e  Bay System
Due to  t h e  p r e s s u r e s  g e n e r a t e d  by th e  p o p u l a t i o n  e x p l o s i o n ,  
t h e r e  i s  to d a y  an  e v e r  i n c r e a s i n g  n e e d  f o r  t h e  u s e  o f  e s t u a r i n e  
r e s o u r c e s  a s  f o u n t a i n s  o f  econom ic o p p o r t u n i t i e s ,  fo o d ,  and r e ­
c r e a t i o n a l  c e n t e r s .  H ow ever, t h i s  e x p l o i t a t i o n  i s  n o t  a s  s im p le  a s  
th e  u s e  o f  o t h e r  p h y s i o g r a p h i e s 1 a r e a s ;  th e  e s t u a r y  i s  a  m ost d e l i c a t e  
e n v i ro n m e n t .  I t  te rm s  o f  p r im a ry  p r o d u c t i v i t y  (R e f .  1 .1 )  i t  i s  more
e f f i c i e n t  th a n  g r a s s l a n d s  ( n u t r i e n t  r i c h ,  w a te r  p o o r )  and  o cea n s
( 1 )  An e s t u a r y  may be d e f i n e d  a s  " a  s e m i - e n c lo s e d  c o a s t a l  body o f  
w a te r  w h ich  h a s  a  f r e e  c o n n e c t i o n  w i th  t h e  open  s e a  and  w i t h i n  
w h ich  s e a w a te r  i s  m e a s u r a b ly  d i l u t e d  w i th  f r e s h  w a t e r  d e r iv e d  from  
la n d  d r a i n a g e " .  ( R e f .  1 . 2 )
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( n u t r i e n t  p o o r ,  w a te r  r i c h )  due t o  i t s  i d e a l  b a l a n c e  o f  c o n s t i t u e n t s .  
S h a l lo w  c o a s t a l  w a t e r s  an d  s e m i - e n c lo s e d  a r e a s  o f  th e  s e a  can  be 
c h a r a c t e r i z e d  a s  a lw ay s  more v i a b l e  i n  p r o d u c t i v i t y  th a n  th e  w a te r s  
o f  open o ce a n s  i n  th e  same l a t i t u d e s .  E s t u a r i e s  a r e  n u t r i e n t  t r a p s  
and  th u s  p r o v id e  a  s u r p l u s  o f  u s a b l e  f u e l  t o  t h e  l i f e  i t  s u p p o r t s .  
H owever, j u s t  a s  th e y  a c c u m u la te  n u t r i e n t s ,  th e y  c a n ,  and  do accumu­
l a t e  p o l l u t a n t s  (R e f .  1 . 2 ) .  T h i s  c h a r a c t e r i s t i c s ,  c o u p le d  to  th e  
h ig h  r a t e  o f  p r im a ry  p r o d u c t i v i t y  g iv e s  t h e  e s t u a r y  i t s  d e l i c a t e  
b a l a n c e .
C o a s t a l  w a te r s  and e s t u a r i e s  a r e  o f  g r e a t  im p o r ta n c e  t o  th e  
w o r ld  p o p u l a t i o n  t h a t  u s e s  t h e s e  w a te r s  i n  a  v a r i e t y  o f  w ays , some 
o f  w hich  a r e  i n  c o n f l i c t .  E v e r  s i n c e  a n t i q u i t y ,  s e a p o r t s  have  been  
th e  c e n t e r s  o f  c i v i l i z a t i o n .  I n  th e  U n i te d  S t a t e s ,  more th a n  h a l f  
t h e  p o p u l a t i o n  l i v e s  i n  th e  c o a s t a l  s t a t e s ,  i n c l u d i n g  th o s e  b o r d e r i n g  
th e  G re a t  L ak e s .  A m a jo r  s h a r e  o f  t h e  w o r l d ' s  m a r in e  f i s h e r i e s  i s  
o b t a i n e d  from  c o a s t a l  w a t e r s ,  and  e s t u a r i e s  a r e  e s s e n t i a l  a s  b r e e d i n g  
g ro u n d s  f o r  many s p e c i e s  o f  c o a s t a l  f i s h e s  a s  w e l l  a s  s e r v i n g  a s  
home f o r  many s e a fo o d  d e l i c a c i e s .  U n f o r t u n a t e l y ,  t h e s e  w a te r s  a r e  
a l s o  u se d  f o r  t h e  d i s p o s a l  o f  t h e  w a s te  p r o d u c t s  o f  c i v i l i z a t i o n ;  a 
u se  c o n f l i c t i n g  w i th  f i s h e r i e s  and  r e c r e a t i o n a l  demands t h a t  e x i s t  
i n  t h e s e  a r e a s .  The p o l l u t i o n  o f  many e s t u a r i e s  i s  so i n t e n s e  t h a t  
some s p e c i e s  have  b e e n  l o c a l l y  e l i m i n a t e d  w h i l e  o t h e r s  a r e  u n f i t  f o r  
human c o n su m p tio n  (R e f .  1 . 3 ) .
The s t a t e  o f  L o u i s i a n a  i s  a  good exam ple  t o  show th e  im p o r ta n c e  
o f  e s t u a r i e s  t o  t h e  economy o f  c o a s t a l  s t a t e s .  F o r t y - f i v e  p e r c e n t  
o f  L o u i s i a n a ' s  s u r f a c e  c o n s i s t s  o f  c o a s t a l  and  f l o o d  p l a i n  w e t l a n d s .
T h is  a r e a  c o n t a i n s  e i g h t y  p e r c e n t  o f  th e  s t a t e ' s  m a n u fa c tu r in g  
c a p a b i l i t y  and  s e v e n t y - f i v e  p e r c e n t  o f  i t s  p o p u l a t i o n .  Most o f
th e  s t a t e  o i l ,  s u l f u r ,  and  s a l t  p r o d u c t i o n  come from  o f f s h o r e  and
c o a s t a l  w a t e r s .  L o u i s i a n a  c o n t a i n s  more th a n  f i v e  m i l l i o n  a c r e s  o f
c o a s t a l  m a rs h e s ,  swamps, and  e s t u a r i e s .  As more th a n  two m i l l i o n  o f
t h e s e  a c r e s  a r e  c o n s id e r e d  t o  b e  im p o r t a n t  h a b i t a t  a r e a s  f o r  f i s h
and  w i l d l i f e ,  L o u i s i a n a  r a n k s  f i r s t  among a l l  s t a t e s  i n  a r e a  o f
im p o r ta n t  e s t u a r i n e  h a b i t a t .  Shrim p u t i l i z e  t h e  e s t u a r i e s  a s  n u r s e r y
g r o u n d s ,  and  L o u i s i a n a  c o n s i s t e n t l y  r a n k s  f i r s t  o r  second  i n  sh r im p
p r o d u c t i o n .  In  1969 , t h e  s t a t e  had  a  p r o d u c t i o n  o f  more th a n  a
m i l l i o n  pounds o f  h e a d l e s s  sh r im p  h a v in g  a  d o c k s id e  v a l u e  i n  e x c e s s
o f  $ 3 3 ,4 0 0 ,0 0 0 .  L o u i s i a n a ,  t h e  o n ly  s t a t e  w here  o y s t e r s  a r e  h a r v e s t e d
th e  y e a r  r o u n d ,  s u p p l i e s  tw e n ty  p e r c e n t  o f  t h e  t o t a l  U .S . m a rk e t .
Ten t o  f i f t e e n  m i l l i o n  pounds  o f  o y s t e r s  a r e  p ro d u c e d  a n n u a l l y .
The t o t a l  a n n u a l  v a l u e  o f  a l l  f i s h e r y  o p e r a t i o n s  i s  i n  t h e  $100 to
$150 m i l l i o n  r a n g e ,  and  t o t a l  p r o d u c t i o n  o f  a l l  s p e c i e s  o f t e n  e x c e e d s
one b i l l i o n  pounds a n n u a l l y .  F u r  and  m eat p r o d u c t s  p ro v id e d  by
a n im a l s  o f  t h e  e s t u a r i n e  h a b i t a t  a r e  a  s e v e r a l - m i l l i o n - d o l L a r  p e r
y e a r  b u s i n e s s  (R e f .  1 . 4 ) .
The im p o r ta n c e  o f  t h e  s a l t  m a rs h e s  c a n n o t  be d e n i e d .  N e v e r t h e l e s s  
man i s  s lo w ly  b u t  s u r e l y  e n c r o a c h in g  on t h e s e  p r e v i o u s l y  u n to u c h a b le  
a r e a s .  A i r p o r t s ,  h ighw ays  and  r e s i d e n t i a l  d e v e lo p m e n ts  a r e  s p r o u t i n g  
a ro u n d  e s t u a r i e s ,  and t h u s ,  t h i s  d e l i c a t e  sy s te m  i s  t h r e a t e n e d  and 
so m e th in g  m ust be d o n e .  H e re ,  t h e  a l a r m i s t  s t e p s  i n  and an n o u n ce s  
th e  u n a v o i d a b i l i t y  o f  t h e  com ing doom u n l e s s  so m e th in g  i s  done 
im m e d ia te ly .  The e c o - p o l i t i c i a n ,  i n  o r d e r  t o  p r o t e c t  h i s  o f f i c e  from  
th e  wave o f  p u b l i c  f u r o r ,  g i v e s  money t o  th e  n e a r e s t  s c i e n t i s t  so
t h a t  he c a n  do so m e th in g  to  sa v e  th e  e s t u a r i e s .  The n e a r e s t  
s c i e n t i s t  i s ,  u n f o r t u n a t e l y ,  a  b o t a n i s t - z o o l o g i s t - e c o l o g i s t  who h a s  
s p e n t  h i s  l i f e  a p p l y i n g  h i s  a b i l i t i e s  to  t h e  e s t u a r i e s .  H is  work i n  
th e  m arsh  i s  b e s t  sum m arized  by H i tc h c o c k  (R e f .  1 . 5 ) :
  " c o l l e c t i n g ,  w e ig h in g  and  m e a su r in g  e v e ry  p l a n t  and
a n im a l  from  s p e c i f i c  a r e a s  t h a t  had b e e n  p r e v i o u s l y  
s t a k e d  o u t  i n  s q u a re  m e t e r s " .
So w i th  new and  e x t e n s i v e  f u n d in g ,  th e  b o t a n i s t - z o o l o g i s t - e c o l o g i s t  
m u l t i p l i e s  h i s  p r e v i o u s  e f f o r t s .  C l e a r l y ,  e x t e n s i v e  c a t a l o g i n g  i s  
n o t  t h e  t o t a l  a n s w e r  t o  t h e  p ro b le m .  The c o m p le x i ty  o f  an  e c o s y s te m ,  
th e  e s t u a r y  i n  p a r t i c u l a r ,  i s  s t a g g e r i n g ;  and  t h e  b e s t  way t o  cope 
w i th  t h i s  d i f f i c u l t y  i s  t o  u s e  s y s te m s  a n a l y s i s .  T h is  a p p ro a c h  i s  
so o b v io u s  t h a t  many o f  t h e  p r e s e n t  s t u d i e s  on e n v i ro n m e n ta l  phenomena 
a r e  b a s e d  on s y s te m s  a n a l y s i s .  H owever, s e v e r a l  o t h e r  f a c t o r s  have  
made sy s te m  a n a l y s i s  t h e  p a n a c e a  o f  p ro b lem s  i n  e n v i ro n m e n ta l  m anage­
m en t;  t h e  o v e r  s u p p ly  o f  s y s te m s  a n a l y s t s  c a u s e d  by t h e  a e r o s p a c e  
b u s i n e s s  b reakdow n and  t h e  w i l l i n g n e s s  o f  governm ent to  fund t h i s  
ty p e  o f  r e s e a r c h  have  s i g n i f i c a n t l y  c o n t r i b u t e d  t o  t h e  p r o l i f e r a t i o n  
o f  n a t u r a l  s y s te m s  m o d e l in g  and  a n a l y s i s .
U n t i l  r e c e n t l y ,  man c o n s id e r e d  th e  g row th  o f  p o p u l a t i o n ,  i n d u s t r y  
and  g r o s s  n a t i o n a l  p r o d u c t  t o  be th e  g o a l  o f  c i v i l i z a t i o n .  Now 
r e c o g n i t i o n  i s  b e in g  g iv e n  t o  t h e  f a c t  t h a t  u n c o n t r o l l e d  g row th  l e a d s  
t o  d i s a s t e r .  The key  to  t h e  b e s t  management o f  o u r  r e s o u r c e s  l i e s  
i n  good p l a n n i n g  ( R e f s .  1 . 5 ,  1 . 6 , 1 . 7 ) .  I n c r e a s i n g  a r e  th e  r a n k s  o f  
t h o s e  who r e c o g n i z e  t h a t  t h e  s t r e s s e s  p l a c e d  upon t h e  e n v i ro n m e n t  a r e  
su c h  t h a t  n a t u r e  c a n n o t  r e c o v e r  w i th o u t  h e l p .  I t  i s  n o t  to o  l a t e  
t o  sa v e  t h e  undamaged e n v i ro n m e n ts  and  t o  r e c o v e r  some o f  th e  l o s t  
q u a l i t y  o f  t h e  damaged e n v i ro n m e n ts .  I n  s p i t e  o f  h i s  m a g n i f i c e n t
a c h i e v e m e n t s , th e  man o f  to d a y ,  i n  c o n t r a d i s t i n c t i o n  o f  p a s t  
c i v i l i z a t i o n s  w hich a r e  c a l l e d  p r i m i t i v e  and  sav ag e  hv th e  e g o c e n t r i c  
w e s t e r n  c u l t u r e ,  h a s  n o t  l e a r n e d  t o  l i v e  i n  harmony w i th  h i s  e n ­
v i r o n m e n t .  U n le s s  he d o e s ,  he w i l l  hav e  t h e  d u b io u s  h o n o r  o f  
j o i n i n g ,  p r e m a t u r e l y ,  th e  f r a t e r n i t y  o f  t h e  e x t i n c t .
E s t u a r i n e  A n a l y s i s
In  o u r  so c a l l e d  " l a i s s e z - f a i r e "  s o c i e t y ,  i n d u s t r y  h a s  a lw a y s  
t r i e d  t o  m axim ize  i t s  p r o f i t .  To do s o ,  i t  h a s  tu r n e d  t o  th e  u se  
o f  o p t i m i z a t i o n  t e c h n i q u e s .  T o d a y 's  c o m p l ic a te d  p r o c e s s e s  a r e  n o t  
am enab le  t o  " o f f  t h e  c u f f "  o p t i m i z a t i o n ,  so  i n d u s t r y  h as  r e s o r t e d  
t o  t h e  u s e  o f  p o w e r fu l  a n a l y t i c a l  t o o l s  i n  o r d e r  to  o b t a i n  th e  
a n s w e rs  to  i t s  p ro b le m s .  One o f  t h e s e  i s  t h e  m a th e m a t ic a l  m ode l.
A m a th e m a t ic a l  m odel i s  a  s e t  o r  s e t s  o f  r e l a t e d  e q u a t i o n s  i n  w hich 
t h e  im p o r t a n t  v a r i a b l e s  o f  t h e  s y s te m  t o  be  s t u d i e d  a r e  i n c l u d e d .
Once a  sy s te m  i s  d e s c r i b e d  by an  a d e q u a te  m a th e m a t ic a l  m o d e l,  i t  
c a n  be  s t u d i e d  by th e  m a n i p u l a t i o n  o f  th e  model r a t h e r  th a n  by 
a c t u a l  e x p e r i m e n t a l  w ork . F o r  e x a m p le ,  i f  a  change  i n  t h e  in d e p e n d e n t  
v a r i a b l e s  i s  known, i t  i s  p o s s i b l e  t o  p r e d i c t  th e  b e h a v i o r  o f  th e  
s y s te m  b e in g  m o d e led .  W orkers  i n  i n d u s t r y  u s e  m a th e m a t ic a l  m odels  
o f  p r o c e s s e s  i n  o r d e r  t o  p r e d i c t  optimum w o rk in g  c o n d i t i o n s  and  h en ce  
t o  m axim ize  p r o f i t s .  T h i s  same id e a  can  be  a p p l i e d  to  th e  management 
o f  n a t u r a l  e n v i ro n m e n ts .
T h e re  a r e  l i v i n g  and  n o n l i v i n g  f a c t o r s  i n  a  n a t u r a l  e n v i ro n m e n t .  
From th e  i n t e g r a t i o n  o f  t h e s e  f a c t o r s ,  an e c o s y s te m  r e s u l t s .  In  
o t h e r  w o rd s ,  a n  e c o s y s te m  i s  a  com plex o f  o rg a n ism s  and e n v i ro n m e n t  
fo rm in g  a  f u n c t i o n i n g  w hole i n  n a t u r e .  As t h e  r e a d e r  can  r e a l i z e ,
b e c a u s e  o f  th e  g r e a t  number o f  v a r y in g  p a r a m e te r s  and  r e l a t i o n s h i p s  
e x i s t i n g  i n  a  g iv e n  e c o l o g i c a l  s y s te m ,  deve lopm en t o f  an  e x a c t  
m a th e m a t ic a l  m odel o f  ev en  th e  sma1l e s t ,  s i m p l e s t  e c o s y s te m  i s  a 
monum ental t a s k .  H owever, q u i t e  o f t e n  a  s i m p l i f i e d  m a th e m a t ic a l  
model u s i n g  o n ly  im p o r t a n t  p a r a m e te r s  can  be d e v e lo p e d  w hich w i l l  
a d e q u a te l y  d e s c r i b e  th e  s y s te m  f o r  t h e  p u rp o s e  u n d e r  i n v e s t i g a t i o n .
In  t h e  m a th e m a t ic a l  m o d e l in g  o f  a q u a t i c  e c o l o g i c a l  s y s t e m s ,  th e  
m o d e lin g  o f  t h e  a b i o t i c  com ponent ( t h e  n o n l i v i n g  e n v i ro n m e n t )  i s  
im p o r t a n t .  The a b i o t i c  f a c t o r  p l a y s  a  more im p o r ta n t  r o l e  i n  t h e  
a q u a t i c  e c o l o g i c a l  s y s te m  th a n  i n  i t s  t e r r e s t r i a l  c o u n t e r p a r t .  The 
p h y s i c a l  ( a b i o t i c )  model i s  com bined w i th  t h e  b i o l o g i c a l  model t o  
fo rm  th e  c o m p le te  m a th e m a t ic a l  model o f  t h e  g iv e n  a q u a t ic  e n v i ro n m e n t .  
One exam ple  o f  t h i s  i s  t h e  sy s te m s  a n a l y s i s  f o r  B a r a t a r i a  Bay 
( s e e  F i g .  1 . 1 ) .  O p t im iz a t io n  t e c h n iq u e s  can  be  u sed  w i th  th e  c o m p le te  
m a th e m a t ic a l  m ode l;  t h u s ,  th e  m e a n in g fu l  management d e c i s i o n s  t h a t  
a r e  so  b a d ly  n e e d e d  to d a y ,  c a n  be  made on t h e  r e g i o n  o f  i n t e r e s t .
S ta t e m e n t  o f  O b j e c t i v e s
The m ain  o b j e c t i v e  o f  t h e  c u r r e n t  s tu d y  i s  t o  d e v e lo p  a  
m a th e m a t ic a l  m odel o f  th e  t r a n s p o r t  phenomena t h a t  o c c u r  i n  e s t u a r i n e  
b a y s ,  w i th  p a r t i c u l a r  em p h as is  on t h e  B a r a t a r i a  Bay System . 
S p e c i f i c a l l y ,  t h e  f o l l o w i n g  m ode ls  w i l l  b e  d e v e lo p e d :
1. A H ydrodynam ic Model t h a t  w i l l  d e s c r i b e  v e l o c i t y  p r o f i l e s  and 
t i d a l  f l u c t u a t i o n s  i n  th e  r e g i o n  o f  s tu d y .
2. An E n erg y  T r a n s p o r t  Model t h a t  w i l l  d e s c r i b e  t e m p e r a t u r e  
d i s t r i b u t i o n s  and  e n e rg y  t r a n s p o r t .
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BIOLOGICAL MODELS
F ig u re  1 .1 .  System s Approach f o r  Q u a n t i t a t i v e  R eg io n a l A n a ly s i s .  (R ef .  l - 'O
3 .  A M a t e r i a l s  T r a n s p o r t  Model t h a t  w i l l  be  u sed  lo  d e s c r i b e  
s a l i n i t y  d i s t r i b u t i o n  and  mass t r a n s p o r t  i n  th e  e s t u a r y .  A lso  
t h i s  m o d e l ,  w i th  p r o p e r  d a t a ,  c an  b e  u s e d  t o  d e s c r i b e  t h e  t r a n s p o r t  
o f  any  g iv e n  s p e c i e s  such  a s  d i s s o l v e d  oxygen  (DO), b i o l o g i c a l  
oxygen demand (BOD), and  p h y to p l a n k to n .
T hese  m odels  w i l l  be  s u b s e q u e n t l y  r e f i n e d  and c o u p le d  to  o t h e r  
m o d e ls ,  a s  shown i n  F i g .  1 . 1 ,  t o  o b t a i n  a n  o v e r a l l  model o f  B a r a t a r i a  
Bay.
The f o l l o w i n g  c h a p t e r  w i l l  c o n s i s t  o f  a  d e t a i l e d  r e v ie w  o f  
p r e v io u s  l i t e r a t u r e  on e s t u a r i n e  a n a l y s i s ,  and  a  c r i t i q u e  on p r e v io u s  
m ode ls  w i l l  be  p r e s e n t e d .
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CHAPTER II
A REVIEW OF PREVIOUS ANALYSES 
LN ESTUARINE SYSTEMS
I n t r o d u c t i o n
I t  i s  th e  p u rp o s e  o f  t h i s  c h a p t e r  t o  r e v ie w  th e  p r e v io u s  w orks  
on e s t u a r i n e  a n a l y s i s  t h a t  have  s i g n i f i c a n t  r e l a t i o n s h i p  w i th  t h e  
c u r r e n t  w ork . To i n t r o d u c e  t h i s  s u b j e c t  i n  t h e  p r o p e r  p e r s p e c t i v e ,  
t h e  f i r s t  p a r t  o f  t h i s  c h a p t e r  w i l l  be  a  d e s c r i p t i o n  o f  t h e  h i s t o r i c  
d ev e lo p m en t o f  th e  e q u a t i o n s  u se d  t o  model tw o -d im e n s io n a l  e s t u a r i n e  
t r a n s p o r t  phenom ena. The second  p a r t  w i l l  c o n s i s t  o f  a d i s c u s s i o n  
on th e  e x i s t i n g  work on tw o - d im e n s io n a l - t im e  d e p e n d e n t  m ode ls  
fo l lo w e d  by a  b r i e f  d i s c u s s i o n  on w orks f o r  o n e - d im e n s io n a l  m o d e ls .  
The f o u r t h  p a r t  w i l l  c o n s i s t  o f  a  p r e d i c t i o n  on t h e  p o s s i b l e  f u t u r e  
o f  e s t u a r i n e  m o d e l in g ,a n d  t h e  c h a p t e r  w i l l  b e  c o n c lu d e d  w i th  a  
s t a t e m e n t  o f  th e  c o n t r i b u t i o n s  t h a t  th e  c u r r e n t  work w i l l  make to  
t h e  s t a t e  o f  t h e  a r t .
H i s t o r i c  D evelopm ent o f  th e  Tw o-D im ensiona l E s t u a r i n e  
Sys tem s T r a n s p o r t  Phenomena E q u a t io n s
The g e n e r a l  e q u a t i o n s  t h a t  d e s c r i b e  t r a n s p o r t  phenomena hav e  
lo n g  b e e n  known and  a r e  commonly fo u n d  i n  t h e  p e r t i n e n t  l i t e r a t u r e  
(R e f .  2 . 1 ) .  H owever, a p p l i c a t i o n  o f  t h e s e  e q u a t i o n s  t o  t h e  e s t u a r i n e  
b a y s  i n  q u e s t i o n  w i th o u t  any s i m p l i f y i n g  a s s u m p t io n s  a r e  beyond 
th e  power o f  e x i s t i n g  a n a l y t i c a l  o r  n u m e r ic a l  m ethods to  a r r i v e  a t  
a  s o l u t i o n .  The f i r s t  and  most l o g i c a l  m o d i f i c a t i o n  i s  t o  r e d u c e  
th e  c u r s e  o f  d i m e n s i o n a l i t y  by assu m in g  t h a t  t h e  phenomena u n d e r  
s tu d y  i s  c h a r a c t e r i z e d  by tw o -d im e n s io n a l  b e h a v i o r .  In  th e  c a s e  o f
10
s h a l lo w  e s t u a r i e s ,  t h i s  a s s u m p t io n  i s  j u s t i f i a b l e .  The v a s t  
e x p a n se s  o f  b r a c k i s h  w a te r s  t h a t  c o v e r  s e v e r a l  hun d red  s q u a re  
m i le s  o f  e s t u a r i n e  s y s te m s  found commonly i n  th e  E a s t  and G u lf  
C o a s t s  o f  t h e  U n ite d  S t a t e s  a r e  se ldom  d e e p e r  th a n  tw en ty  f e e t ,  
and d e p th s  g r e a t e r  t h a n  t h e s e  a r e  o n ly  found i n  p r o x im i ty  o f  th e  
c o n n e c t io n  b e tw een  th e  e s t u a r y  and  th e  o c e a n .  The m o d e lin g  o f  th e  
momentum t r a n s p o r t  o f  s h a l lo w  w a te r s  w i th  a  tw o -d im e n s io n a l  h y d ro -  
dynam ic model was f i r s t  p ro p o s e d  by Hansen in  1938 (R e f .  2 . 3 ) .  
However, th e  co m p u te r  h a rd w are  n e c e s s a r y  to  e f f e c t i v e l y  c a r r y  o u t  
th e  n u m e r ic a l  t e c h n i q u e s  n eed e d  to  a r r i v e  a t  a  s o l u t i o n  was n o t  
a v a i l a b l e  a t  t h e  t i m e .  W ith  p a s s i n g  t im e ,  th e  n e c e s s a r y  co m p u te rs  
became a v a i l a b l e  and  th e  m odels  f i r s t  p ro p o se d  i n  1936 came i n t o  
b e in g  and th e  p r e d e c e s s o r  o f  t o d a y ' s  e s t u a r i n e  m odels  was p r e s e n t e d  
by H ansen i n  1956 (R e f .  2 . 4 ) .  A l l  o f  th e  e x i s t i n g  hydrodynam ic 
m odels  f o r  s h a l lo w  w a t e r s ,  o r  long -w ave  e q u a t i o n s  a s  th e y  a r e  some­
t im e s  c a l l e d ,  d e r i v e  from  H a n s e n 's  m ode l.  As t im e  p r o g r e s s e d ,  so 
d id  th e  number o f  hydrodynam ic  m odels  p r e s e n t e d  i n  th e  l i t e r a t u r e .  
M odels w ere p r e s e n t e d  by P la tzm an  i n  1958 (R e f .  2 . 5 ) ,  M iyazak i 
(R e f .  2 . 6 )  and Unoki and  I s o z a k i  (R e f .  2 . 7 ) ,  b o th  i n  1963, a  f u r t h e r  
r e f in e m e n t  by Hansen (R e f .  2 . 8 )  i n  1966, L e e n d e r t s e  (R e f .  2 . 9 )  i n  
1967 and  R eid  and  Bodine (R e f .  2 .1 0 )  i n  1968.
As th e  m o d e lin g  o f  n a t u r a l  sy s te m s  i n c r e a s e d  due to  e c o l o g i c a l  
c o n c e r n ,  hydrodynam ic  m o d e ls ,  w hich  p r e v i o u s l y  w ere  o n ly  u se d  to  
model s to rm  s u r g e s ,  w ere  u sed  a s  a  b a s i s  f o r  an  o v e r a l l  t r a n s p o r t  
phenomena model i n  e s t u a r i e s .  The f i r s t  s u g g e s t io n  o f  t h i s  id e a  
i n  th e  l i t e r a t u r e  was a  p ro p o se d  System s A n a l y s i s  o f  G a lv e s to n  Bay 
i n  a  r e p o r t  by TRACOR (R e f .  2 .1 1 )  i n  1968. L a t e r  o n ,  b a s e d  on th e
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a s s u m p t io n s  made e a r l i e r  by H ansen , tw o -d im e n s io n a l  en e rg y  and 
s p e c i e s  L r a n s p o r t  model d e r i v a t i o n s  w ere  p r e s e n t e d  by L e e n d e r t s e  
(R e f .  2 .1 2 )  i n  1970, and H a c k e r ,  P i k e ,  and W i lk in s  (R e f .  2 .1 3 )  i n
1971. An a p p l i e d  tw o -d im e n s io n a l  model f u l l y  d e s c r i b i n g  t r a n s p o r t  
phenomena i n  a s h a l lo w  e s t u a r y  was f i r s t  r e p o r t e d  by L e e n d e r t s e  
(R e f .  2 .1 2 )  a l s o  i n  1970. O th e r  s t u d i e s  i n  w hich hyd rodynam ics  i s  
a p p l i e d  w i th  e n e rg y  and s p e c i e s  m odels  a r e  TRACOR ( R e f .  2 .1 4 )  and  
Masch (R e f .  2 . 1 5 ) ,  b o th  i n  1971.
T w o-D im ensiona l E s t u a r i n e  System s Models
The s tu d y  o f  e x i s t i n g  tw o -d im e n s io n a l  e s t u a r i n e  m odels  can  
be d i v i d e d  i n t o  t h r e e  p a r t s .  The f i r s t  p a r t  i s  t h e  work done on 
hydrodynam ic  m o d e ls ,  o r  t h e  lo n g  wave e q u a t i o n s .  The second  p a r t  
c o n s i s t s  o f  t h e  work done on m o d e l in g  o f  t h e  e n e rg y  and  mass t r a n s p o r t  
phenomena t h a t  o c c u r s  i n  s h a l lo w  e s t u a r i e s .  The t h i r d  and l a s t  
p a r t  d i s c u s s e s  t h e  n u m e r i c a l  t e c h n iq u e s  a p p l i e d  to  th e  model 
e q u a t i o n s  i n  o r d e r  t o  o b t a i n  a  s o l u t i o n .
Hydrodynam ic M odels 
Up to  1968, a l l  o f  th e  m o d e lin g  done on s h a l lo w  e s t u a r i e s  w ere 
s t u d i e s  on th e  t r a n s p o r t  o f  momentum. A l l  t h e s e  hydrodynam ic  
m odels  w ere  b a s e d  on a  d e r i v a t i o n  done by H ansen ( R e f .  2 . 4 ) .  The 
l a t e s t  and  m ost s o p h i s t i c a t e d  o f  t h e  hydrodynam ic  m odels  was 
p r e s e n t e d  by L e e n d e r t s e  (R e f .  2 . 9 )  i n  1967. The a d v a n ta g e  o f  t h i s  
model i s  due t o  th e  n u m e r i c a l  t e c h n iq u e  u sed  f o r  s o l u t i o n ,  an  
advanced  a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  (ADI) t e c h n i q u e .  T h is  
t e c h n iq u e  i s  s u p e r i o r  t o  th e  e x p l i c i t  t e c h n iq u e s  u s e d  on a l l  t h e
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o t h e r  hydrodynam ic  m ode ls  t h a t  have  th e  same e q u a t i o n s  a s  a 
b a s i s .  The lo n g  wave e q u a t i o n s  w ere  o b t a i n e d  by Hansen by v e r t i c a l l y  
i n t e g r a t i n g  th e  g e n e r a l  e q u a t i o n s  o f  m o t io n  and c o n t i n u i t y .  These 
v e r t i c a l l y  i n t e g r a t e d  e q u a t i o n s  a r e :
| £  + u M + v | “ - Fv +  g | ! = . i ( T s -  Tb > ( 2 . i )o t  dx oy ° dx p x x
+ U + V ~  + FU + g = -  ( t S - Tb )  ( 2 . 2 )at ay ay dy p y y
| L  +  d (D U l +  S iD V i • (R . E v )  3 )
at ax ay
L e e n d e r t s e  u s e d  th e  above  e q u a t i o n s ,  a s  sum m arized i n  T a b le s  2 .1  
and  2 . 2 ,  t o  p ro d u c e  h i s  hyd rodynam ic  model t h a t  was l a t e r  on u sed  
i n  c o n j u n c t i o n  w i th  a  s p e c i e s  t r a n s p o r t  model i n  o r d e r  t o  p r e d i c t  
w a te r  q u a l i t y  i n  J a m a ic a  Bay, New Y ork .
R e id  and  Bodine (R e f .  2 .1 0 )  i n  1968 s i m p l i f i e d  th e  lo n g  wave 
e q u a t i o n s  t o  p ro d u c e  a  m odel o f  G a lv e s to n  Bay u sed  to  p r e d i c t  
s to rm  s u r g e s .  T h is  model u se d  e m p i r i c a l  c o r r e l a t i o n s  t o  c o r r e c t  
f o r  f lo w  c o n d i t i o n s  due t o  subm erged  b a r r i e r s ,  w e i r s  and  t i d a l  
i n p u t s .  The e q u a t i o n s  u s e d  a r e  sum m arized  i n  T a b le s  2 .1  and  2 . 2 .
When com pared t o  L e e n d e r t s e ' s  M odel,  t h i s  one ig n o r e s  C o r i o l i s  
f o r c e s ,  a d v e c t i o n  o f  momentum, and  u s e s  a  q u a d r a t i c  bed  r e s i s t a n c e  
b a s e d  on th e  M a n n in g 's  c o e f f i c i e n t  a s  o pposed  t o  L e e n d e r t s e ' s  
C h e z y 's  c o e f f i c i e n t .  A ls o  i t  u s e s  a n  e x p l i c i t  " l e a p  f r o g "  te c h n iq u e  
to  o b t a i n  a  n u m e r i c a l  s o l u t i o n .  Even though  t h i s  n u m e r i c a l  t e c h ­
n iq u e  i s  n o t  a s  a d v a n ta g e o u s  a s  ADI, R e id  and  B o d i n e 's  Model com pares
TABLE 2.1
HYDRODYNAMIC MODELS 
E q u a t i o n  o f  C o n t i n u i t y ^ ^
I n v e s t i g a t o r
SL +  d(DU) +  S(DV)
d t  ax dy R “ Ev
L e e n d e r t s e  
( R e f .  2 . 9 )
X X X
R eid  and  Bodine  
(R e f .  2 . 1 0 ) X X X X
Masch,  e t  a l  
(R e f .  2 . 1 7 ) X X X X X
M i y a z a k i ,  Ueno and  
Unoki ( R e f .  2 . 1 8 ) X X X
Unoki and I s o z a k i  
( R e f .  2 . 7 ) X X X
M iy a z a k i  
( R e f .  2 . 6 ) X X X
P la t z m a n  
( R e f .  2 . 5 ) X X X
Hansen  
( R e f .  2 . 4 ) X X X
^ ^ T h e  e q u a t i o n s  u s e d  i n  t h e  w orks  r e f e r e n c e d  a r e  formed by 
a d d i n g  t h e  t e rm s  t h a t  have  b e e n  c h e c k e d .
TABLE 2.2
HYDRODYNAMIC MODEL
E q u a t io n  o f  Motion 
(X-Component)
I n v e s t i g a t o r IH  + u l u  + v f i . P v  +  g l L .  V  .  I * !
d t  dx 9y dx p p
L e e n d e r t s e
(R e f .  2 .9  and 2 . 1 2 )
X X X X X KW c o s e (+)
g U ( u i ^
Reid  and Bodine 
( R e f .  10) X X
2 (+) Kl-7 cos0 f u
Masch, e t  a l  
( R e f .  2 .1 7 ) X X X
(+)
KW-cosS £ u ( u i + j ^Dz
M iy a z a k i ,  Ueno and 
Unoki (R e f .  2 .1 8 ) x
_
X X
(* )  
Pa Y2 W|W|
(**)
c/v|v| - P(TS/ p )
Unoki and I s o z a k i  








\ '' ** '» )
_ Ts /q  3u,(u2+v2 ^
2 D^
M iyazak i  




« v | v |  - p(T /  p)
TABLE 2 .2  
( c o n t i n u a t i o n )
I n v e s t i g a t o r
du su  duTT + U —  + V —d t  dx dy FV - • i
s /Tx /  P b / Tx /O
Pla tzm an  
(R e f .  2 . 5 ) X X
(o)1 __
K pJV R * M dx
Hansen 




r  • u | u |
W< Wc - c r i t i c a l  wind speed  = 14 k n o t s
K=Ki + K 2 ( l  - ~ ) 2 W >  Wc Kx = 1 .1 * 1 0 “6 K2 = 2 . 5 * 1 0 " 6
(* )  2 -3
= 2 . 6*10
(**)  a  = 2 .6 * 1 0 " 3 0 = 0 .25  ~  0 .5 0
(***)  'j, = c o e f f i c i e n t  o f  eddy v i s c o s i t y  ( n u m e r i c a l  v a l u e  n o t  r e p o r t e d )
^  k ” > 1 ,  M S  fvdz,  R =  T ( h ) / p ,  T (h )  = s u r f a c e  s t r e s s  by wind ( n o t  r e p o r t e d )  
( 0 0 > -  = 3 . 2 *  1 0 ' 5 
( o o o ) r  = 2 . 6 * 1 0 ' 3
w e l l  w i t h  L e e n d e r t s e ' s  Method.  T h i s  c o n c l u s i o n  was o b t a i n e d  by 
Sobey ( R e f .  2 . 1 6 )  when s e v e r a l  n u m e r i c a l  me thods t o  s o l v e  t h e  lo n g  
wave e q u a t i o n s  were  compared by him i n  1970.
Masch ,  e t .  a l . , (R e f .  2 . 1 7 )  p r e s e n t s  a  hydrodynamic  model  
i d e n t i c a l  t o  t h e  G a l v e s t o n  Bay Model by Reid  and  Bodine  e x c e p t  t h a t  
he i n c l u d e s  t h e  C o r i o l i s  f o r c e  t e r m s .  Masch u s e s  t h i s  model  a s  a  
b a s i s  f o r  a  s a l i n i t y  model  o f  t h e  San A n to n io  and  M a tag o rd a  Bays i n  
Texas  (R e f .  2 . 1 5 ) .
M iy a z a k i ,  Ueno,  and Unoki ( R e f .  2 . 1 8 ) ,  i n  1962,  d e v e l o p e d  a 
hydrodynam ic  model  b a s e d  on t h e  lo n g  wave e q u a t i o n s  i n  which 
a d v e c t i o n  o f  momentum was i g n o r e d .  T h i s  model  was u s e d  t o  i n v e s t i ­
g a t e  typhoon  s u r g e s  a l o n g  t h e  J a p a n e s e  c o a s t .  I n  t h i s  s t u d y ,  
s p e c i a l  c a r e  was g i v e n  t o  a n a l y z e  wind g e n e r a t e d  c u r r e n t s .  U s ing  
t h i s  work a s  a  b a s e ,  Unoki and I s o z a k i  (R e f .  2 . 7 )  i n  1963 s t u d i e d  
t h e  e f f e c t s  o f  s to r m  s u r g e s  c a u s e d  by ty p h o o n s  on a d i k e  w i t h  
o p e n i n g s  i n  Tokyo Bay.  I n  t h i s  w ork ,  e m p i r i c a l  e q u a t i o n s  t o  c a l ­
c u l a t e  t h e  f low  th r o u g h  t h e  o p e n i n g  o f  a  d i k e  were  d e v e l o p e d .  I t  
was l a t e r  on t h a t  R e id  and  Bodine  u s e d  t h i s  work t o  a r r i v e  a t  a  
s e r i e s  o f  e m p i r i c a l  e q u a t i o n s  f o r  f lo w  u s e s  i n  t h e i r  G a l v e s t o n  Bay 
Model .  M iy a z a k i  (R e f .  2 . 6 )  a l s o  u s e d  t h e  same e q u a t i o n s  t o  p ro d u c e  
a model  t o  s t u d y  t h e  e f f e c t s  o f  H u r r i c a n e  C a r l a  1961 i n  t h e  G u l f  o f  
Mexico .  The e q u a t i o n s  u s e d  by t h e  p a s t  t h r e e  works m e n t io n e d  a r e  
summarized on T a b l e s  2 . 1  and 2 . 2 .  The n u m e r i c a l  t e c h n i q u e  t h e s e  
works u s e  i s  t h e  " l e a p  f r o g "  e x p l i c i t .
P la t z m a n  (R e f .  2 . 5 )  i n  1958,  d e v e l o p e d  a model  t o  s t u d y  t h e  
s u r g e  o f  Ju n e  26 ,  1954 on Lake M ic h i g a n .  The main f o r c i n g  f u n c t i o n  
on t h i s  model  was a  d r a s t i c  change  i n  a t m o s p h e r i c  p r e s s u r e  due t o  an
i n t e n s e  and  f a s t - m o v i n g  s q u a l l  l i n e .  T h i s  model  d e s c r i b e s  t h e  
s u r g e  g e n e r a t e d  by t h i s  p r e s s u r e  g r a d i e n t  and  i s  t h e  o n l y  one  found  
i n  t h e  l i t e r a t u r e  t h a t  u s e s  a t m o s p h e r i c  p r e s s u r e  g r a d i e n t s  a s  a  
f o r c i n g  f u n c t i o n .  All of t h e  o t h e r  hydrodynamic  models  have  t i d a l  
v a r i a t i o n  a s  a  f o r c i n g  f u n c t i o n ,  and most  i g n o r e  a t m o s p h e r i c  p r e s s u r e  
e f f e c t s .  I t  was i n  t h i s  work t h a t  P l a t z m a n  d e v e lo p e d  t h e  e x p l i c i t  
" l e a p  f r o g "  n u m e r i c a l  t e c h n i q u e  u sed  by most  o f  t h e  r e c e n t  i n v e s t i ­
g a t o r s .  The e q u a t i o n s  u s e d  by P la t z m a n  i n  h i s  model  a r e  summarized  
i n  T ab le  s 2 . 1  and  2 . 2 .
Hansen (R e f .  2 . 4 )  i n  1956 c r y s t a l l i z e d  t h e  i d e a  he f i r s t  
p r e s e n t e d  i n  1938 (R e f .  2 . 3 )  o f  v e r t i c a l l y  i n t e g r a t i n g  t h e  e q u a t i o n s  
o f  m o t io n  and c o n t i n u i t y  t o  p ro d u c e  a  t w o - d i m e n s i o n a l  hydrodynamic  
m ode l ,  o r  t h e  long-w ave  e q u a t i o n s .  He u sed  h i s  m o d e l ,  i n  c o n j u n c t i o n  
w i t h  a  r u d i m e n t a r y  e x p l i c i t  n u m e r i c a l  scheme, t o  p r e d i c t  hydrodynamic  
b e h a v i o r  i n  open  s h a l l o w  s e a s .  C o r i o l i s  f o r c e s  and  a d v e c t i o n  o f  
momentum were  c o n s i d e r e d  i n  t h i s  m ode l .  The e q u a t i o n s  u s e d  a r e  
summarized i n  T a b l e s  2 . 1  and  2 . 2 .
The f o l l o w i n g  p a r t  o f  t h i s  c h a p t e r  w i l l  d e a l  w i th  t h e  e q u a t i o n s  
u s e d  i n  c o n j u n c t i o n  w i t h  t h e  hydrodynamic  model  i n  o r d e r  to  p roduce  
e n e r g y  and  mass  t r a n s f e r  mode ls  f o r  s h a l l o w  e s t u a r i e s .
Energy  and  S p e c i e s  T r a n s p o r t  Models
The i d e a  o f  u s i n g  hydrodynam ic  models  o f  s h a l l o w  e s t u a r i e s  
i n  c o n j u n c t i o n  w i t h  models  o f  t h e  e n e r g y  and  mass t r a n s p o r t  was 
f i r s t  r e p o r t e d  and d e v e l o p e d  by TRACOR ( R e f .  2 . 1 1 )  i n  1968.  Even 
tho u g h  i t  was l o g i c a l  t o  d e r i v e  t h e  e n e rg y  and s p e c i e s  t r a n s p o r t  
tw o - d i m e n s i o n a l  model  f rom t h e  g e n e r a l  e q u a t i o n s  o f  e n e rg y  and
I S
s p e c i e s  c o n t i n u i t y  j u s t  a s  Hansen  d e r i v e d  h i s  hydrodynamic  model  
from t h e  g e n e r a l  e q u a t i o n s  o f  c h a n g e ,  t h i s  was n o t  done u n t i l  
L e e n d e r t s e  ( R e f .  2 . 1 2 )  p r e s e n t s  a  m a t h e m a t i c a l  d e r i v a t i o n  i n  1970.  
T h i s  model  by L e e n d e r t s e  i s  u s e d  f o r  w a t e r  q u a l i t y  p r e d i c t i o n  i n  
J a m a i c a  Bay,  New Y ork ,  and  i s  t h e  b e s t  o f  t h e  e x i s t i n g  m ode ls  f o r  
s p e c i e s  t r a n s p o r t  phenomena.  L e e n d e r t s e  d e r i v e s  o n ly  t h e  s p e c i e s  
t r a n s p o r t  e q u a t i o n  a s  h i s  w a t e r  q u a l i t y  model  i s  n o t  c o n c e rn e d  
w i t h  e n e r g y  t r a n s p o r t .  Us ing  h i s  p r e v i o u s  (R e f .  2 . 9 )  hydrodynamic  
model  which  u s e s  an  a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  (ADI) n u m e r i c a l  
scheme,  L e e n d e r t s e  d e v e l o p e d  h i s  w a t e r  q u a l i t y  m o d e l  u s i n g  th e  
same adv an c ed  n u m e r i c a l  t e c h n i q u e .  T h i s  c o m b i n a t i o n  g i v e s  th e  
b e s t  s p e c i e s  t r a n s p o r t  model  r e p o r t e d  i n  t h e  l i t e r a t u r e .  The 
v e r t i c a l l y  a v e r a g e d  s p e c i e s  c o n t i n u i t y  e q u a t i o n  i s :
L e e n d e r t s e ' s  v e r t i c a l l y  a v e r a g e s  s p e c i e s  c o n t i n u i t y  e q u a t i o n  i s  
a l s o  summarized  i n  T a b le  2 . 3 .
The f i r s t  m a t h e m a t i c a l  d e r i v a t i o n  o f  t h e  v e r t i c a l l y  a v e r a g e d  
e n e r g y  e q u a t i o n  was g i v e n  by H a c k e r ,  P i k e  and  W i l k i n s  ( R e f .  2 . 1 3 )  
i n  1971.  T h i s  e q u a t i o n  i s ,  l o g i c a l l y ,  a n a l o g o u s  t o  t h e  v e r t i c a l l y  
a v e r a g e d  s p e c i e s  c o n t i n u i t y  e q u a t i o n  and  c a n  be  w r i t t e n  a s :
d(DS) . d(DUS) +  d(DVS) = d _  . dS 
d t  dx dy dx sxdx
( 2 . 4 )
d(DUT) d(DVT)~]
dx dy J
( 2 . 5 )
and i s  shown i n  T a b l e  2 . 4
TABLE 2.3
SPECIES TRANSPORT MODEL
I n v e s t i g a t o r d(DSA) ( d(UDSA) ! d(VDSA ) -  d(DBAXdSA) -  d (DBA..dSA) - DSSA = 0 
d t  ‘ dx dy dy dx dy dy
L e e n d e s t s e  
(R e f .  2 . 9 )
X X X X X X
T r a c o r  
( R e f .  2 .1 1 )





(Ref.- 2 .14 )  : 















I n v e s t i g a t o r
T r a c o r
(R e f .  2 .1 1 )
Hacker ,  e t .  a l
(Ref .  2 .13 )
TRACOR (R e f .  2 . 1 4 )  i n  1971 p r e s e n t e d  a model  f o r  ene rgy  and 
mass t r a n s f e r  f o r  s h a l l o w  e s t u a r i e s .  T h i s  work,  combined  w i th  
t h e i r  hydrodynam ic  model  (R e f .  2 . 1 1 ) ,  p roduced  a  combined t r a n s ­
p o r t  m ode l .  In  t h i s  combined  m o d e l ,  t h e  s p e c i e s  c o n t i n u i t y  e q u a t i o n  
was s o l v e d  by u s i n g  a s i m p l i s t i c  e x p l i c i t  t e c h n i q u e  and  th e  e n e rg y  
t r a n s p o r t  e q u a t i o n  was a l s o  s o l v e d  by n e g l e c t i n g  c o n v e c t i v e  te rm s  
r e d u c i n g  t h e  p ro b le m  t o  z e r o  d i m e n s i o n .  The e q u a t i o n s  u s e d  by 
TRACOR i n  t h i s  work a r e  summarized  i n  T a b l e s  2 .3  and 2 . 4 .
Masch ( R e f .  2 . 1 5 )  p r e s e n t e d  a  hydrodynamic  and  s a l i n i t y  model  
f o r  San A n t o n i o  and M a ta g o rd a  B a y s ,  Texas  i n  1971 .  The h y d r o d y n a ­
mic model  i s  s o l v e d  s i m i l a r l y  t o  t h e  one p r e s e n t e d  by TRACOR 
( R e f .  2 . 1 4 ) .  The s a l i n i t y  model  i s  s o l v e d  by t h e  a l t e r n a t i n g  d i r e c ­
t i o n  i m p l i c i t  scheme,  s i m i l a r l y  t o  L e e n d e r t s e  (R e f .  2 . 1 2 ) .  The 
a d v a n t a g e s  o f  s o l v i n g  t h e  s a l i n i t y  model  w i t h  t h e  i m p l i c i t  scheme 
a r e  l o s t  due t o  t h e  f a c t  t h a t  t h e  i n p u t  v e l o c i t i e s  u sed  were  g e n e r a ­
t e d  by a n  e x p l i c i t  t e c h n i q u e  and  t h u s  t h e  s a l i n i t y  model  i s  l i m i t e d  
t o  t h e  c o n d i t i o n s  s e t  f o r  t h e  hydrodynam ic  m ode l .  The en e rg y  e q u a ­
t i o n  was n o t  s o l v e d  i n  t h i s  work .  The e q u a t i o n  u sed  i s  summarized  
i n  T a b l e  2 . 3 .
N u m e r i c a l  T e c h n iq u e s
N u m e r i c a l  t e c h n i q u e s  u s e d  f o r  t h e  s o l u t i o n  o f  v e r t i c a l l y  a v e r ­
ag e d  t w o - d i m e n s i o n a l  mode ls  f o r  momentum, en e rg y  and mass t r a n s f e r  
can  be b r o a d l y  c l a s s i f i e d  i n  two g r o u p s ;  e x p l i c i t  schemes and  im­
p l i c i t  schem e s .  U n t i l  1967,  o n ly  e x p l i c i t  schemes were  u s e d  t o  s o l v e  
t h e  long-w ave  e q u a t i o n s .  Whi le  some d i f f e r e n c e s  e x i s t  among th e  
t e c h n i q u e s  u s e d  by t h e  d i f f e r e n t  i n v e s t i g a t o r s ,  t h e  e x p l i c i t  schemes
23
u s e d  were  b a s i c a l l y  t h e  same.  The e x p l i c i t  n u m e r i c a l  t e c h n i q u e  u s e d  
w i t h  t h e  hydrodynamic  m ode ls  i s  b e s t  e x e m p l a r i z e d  by t h e  work o f  
R e id  and  Bodine ( R e f .  2 . 1 0 ) .  The a r e a  u n d e r  s t u d y  i s  p l a c e d  u n d e r  a  
s q u a r e  g r i d  sy s t e m  w i t h  a  r ough  a p p r o x i m a t i o n  o f  t h e  i r r e g u l a r  
b o u n d a r i e s ,  a s  shown i n  F i g .  2 . 1 .  The p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  
t h a t  form th e  h y d ro d y n a m ic a l  model  a r e  t r a n s f o r m e d  i n t o  d i f f e r e n c e  
e q u a t i o n s  w i t h  t h e  s u b s t i t u t i o n  o f  d i f f e r e n c e  a p p r o x i m a t i o n s  f o r  t h e  
p a r t i a l  d e r i v a t i v e  t e r m s .  The d i f f e r e n c e  a p p r o x i m a t i o n  u s e d ,  due t o  
t h e i r  " l e a p - f r o g "  p a t t e r n ,  i s  t h e  c e n t r a l  d i f f e r e n c e  a p p r o x i m a t i o n .  
R e id  and  Bodine d i d  t h i s ,  and t h e  r e s u l t i n g  a l g e b r a i c  e q u a t i o n s  were  
a r r a n g e d  so t h a t  t h e  unknowns a r e  t h e  v e l o c i t i e s  and  w a t e r  l e v e l s  o f  
t h e  s u b s e q u e n t  t im e  s t e p .  These  e q u a t i o n s  a r e :
( 2 . 6 )
( 2 . 7 )
w h e r e :




F i g u r e  2 . 1 .  S qua re  G r id  Over I r r e g u l a r l y  Shaped Bay.
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( 2 . 10 )
The v a l u e s  u s e d  a r e  s t o r e d  a s  shown i n  F i g .  2 . 2  and  t h e  s o l u t i o n  a d ­
v a n c e s  a s  shown i n  F i g .  2 . 3 .  C are  had t o  be t a k e n  when s p e c i a l  
b a r r i e r s  a p p e a r .  The n u m e r i c a l  e q u a t i o n s  a r e  a p p r o p r i a t e l y  m o d i f i e d  
f o r  i s l a n d s ,  submerged  b a r r i e r s ,  open s e a  c o n n e c t i o n s ,  e t c .  For  
f u r t h e r  e x p l a n a t i o n ,  s ee  R e f .  2 . 1 0 .
E x p l i c i t  schemes s u f f e r  f rom t h e  d i s a d v a n t a g e  t h a t  t h e y  a r e  c o n ­
d i t i o n a l l y  s t a b l e .  P l a t z m a n  (R e f .  215)  c l a s s i f i e d  t h e  long-wave  
e q u a t i o n s  a s  o f  t h e  h y p e r b o l i c  t y p e .  Whi le  t h i s  s y s t e m  o f  t h r e e  
p a r t i a l  d i f f e r e n t i a l  e q u a t i o n s  c a n n o t  be  m a t h e m a t i c a l l y  c l a s s i f i e d ,  
P l a t z m a n  assumed t h a t  t h e  t w o - d i m e n s i o n a l  long-w ave  e q u a t i o n s  b eh av e  
a s  t h e  o n e - d i m e n s i o n a l  s y s t e m .  With t h i s  a s s u m p t i o n ,  t h e  long-wave 
e q u a t i o n s  can  be  c l a s s i f i e d  a s  o f  t h e  h y p e r b o l i c  t y p e .  T h i s  p r o o f  
i s  shown i n  A ppend ix  A. S u b s eq u en t  r e s e a r c h e r s  seemed t o  go a l o n g  
w i t h  t h i s  a s s u m p t i o n .  With  t h i s ,  t h e  s t a b i l i t y  c r i t e r i o n  f o r  t h e  
above  scheme can  be  o b t a i n e d ,  and  i t  i s
A*1 < AS ; AS = Ax = Ay /■ 9  n  \. ~ I M I. 1
V 2gD v max
T h i s  c o n d i t i o n  p u t s  a  s e v e r e  c o s t  on long,  r e a l - t i m e  s o l u t i o n s  a s  
com pute r  t im e  i s  e x t e n s i v e .  A l l  hydrodynamic  m ode ls  u s e d  s i m i l a r  
e x p l i c i t  t e c h n i q u e s  w i t h  t h e  e x c e p t i o n  o f  L e e n d e r t s e  (R e f .  2 . 9 ) .  A l l  
e n e rg y  and  s p e c i e s  m ode ls  p r e s e n t e d  a l s o  u s e  n u m e r i c a l  t e c h n i q u e s  s i m i ­
l a r  t o  t h e  one p r e s e n t e d  above  w i t h  t h e  e x c e p t i o n  o f  L e e n d e r t s e  ( R e f .  
2 . 1 2 )  and Masch ( R e f .  1 2 . 1 5 ) .
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f i g u r e  2 . 3 .  E x p l i c i t  " L e a p - f r o g "  S o l u t i o n  March.
I m p l i c i t  schemes f o r  v e r t i c a l l y  a v e r a g e d  e q u a t i o n s  o f  change 
a r e  d i f f i c u l t  lo  o b t a i n .  I t  was n o t  u n t i l  1967 t h a t  Le.enderl so 
p r e s e n t e d  an  i m p l i c i t  scheme f o r  s o l v i n g  th e  long-wave  e q u a t i o n s .
The a d v a n t a g e  o f  t h i s  t e c h n i q u e  o v e r  t h e  e x p l i c i t  one i s  i t s  i n ­
h e r e n t  s t a b i l i t y  and  r a p i d  c o n v e r g e n c e .  L e e n d e r t s e  (R e f .  2 . 9 )  
p ro v e d  t h e  s t a b i l i t y  and  c o n v e r g e n c e  o f  h i s  a l t e r n a t i n g  d i r e c t i o n  
i m p l i c i t  scheme.  T h i s  n u m e r i c a l  t e c h n i q u e  i s  p r e s e n t e d  i n  C h a p t e r  
IV. An i d e n t i c a l  scheme was u s e d  by L e e n d e r t s e  t o  s o l v e  t h e  s p e c i e s  
c o n t i n u i t y  t w o - d i m e n s i o n a l  model  f o r  J a m a ic a  Bay,  New York (R e f .  2 . 1 2 ) .  
The v e r t i c a l l y  a v e r a g e d  s p e c i e s  c o n t i n u i t y  and e n e r g y  e q u a t i o n s  a r e  
o f  t h e  p a r a b o l i c  t y p e  and  a l t e r n a t i n g  d i r e c t i o n  i m p l i c i t  schemes 
a r e  i d e a l l y  s u i t a b l e  f o r  t h e i r  s o l u t i o n .  Masch a l s o  u s e d  t h i s  t e c h ­
n i q u e  f o r  m o d e l in g  s a l i n i t y  i n  t h e  San A n to n io  and  M a tago rda  Bays ,
Texas  ( R e f .  2 . 1 5 ) .  T h i s  n u m e r i c a l  t e c h n i q u e  i s  shown f o r  t h e  v e r t i ­
c a l l y  a v e r a g e d  s p e c i e s  c o n t i n u i t y  e q u a t i o n  i n  C h a p t e r  IV.
The c o m b i n a t i o n  o f  t h e  hydrodynam ic  mode l  and th e  e n e r g y  
and  s p e c i e s  t r a n s p o r t  m ode ls  with t h e  a p p r o p r i a t e  n u m e r i c a l  t e c h n i q u e  
r e s u l t s  i n  a  numerica l  t r a n s p o r t  model  o f  t h e  a r e a  u n d e r  s t u d y .
The v a l i d i t y  o f  t h e s e  models  h a s  b een  e s t a b l i s h e d  i n  t h e  l i t e r a ­
t u r e  ( R e f s .  2 . 5 ,  2 . 8 ,  2 . 9 ,  2 . 1 0 ,  2 . 1 2 ,  2 . 1 4 ) .  N a t u r a l l y ,  c e r t a i n  
s p e c i f i c  c o n d i t i o n s  change  from a r e a  t o  a r e a  and a p p r o p r i a t e  p a r a ­
m e t e r s  have  t o  be s p e c i f i e d  f o r  a g i v e n  a r e a  t o  be s t u d i e d .
T h e re  a r e  s t u d i e s  i n  w hich  t h e  two d i m e n s io n s  u n d e r  s tu d y  fo rm 
a  v e r t i c a l  i n s t e a d  o f  a  h o r i z o n t a l  p l a n e .  These  s t u d i e s  r e f e r  t o  
v e r t i c a l l y  s t r a t i f i e d  e s t u a r i e s  and a r e  a n  e x t e n s i o n  o f  o n e - d im e n ­
s i o n a l  m o d e l s .  These  have  b e e n  r e v ie w e d  by H ar lem an  and  Ip p en
( R e f .  2 . 2 2 )  and a r e  n o t  p e r t i n e n t  t o  t h i s  s t u d y .
O n e-D im ens iona l  E s t u a r i n e  
S ys tem s  Models
With t h e  e x c e p t i o n  t h a t  b o t h  a r e  u sed  t o  model  e s t u a r i e s ,  t h e r e  
i s  v e r y  l i t t l e  i n  common be tw ee n  o n e - d i m e n s i o n a l  and t w o - d i m e n s i o n a l  
e s t u a r i n e  m o d e l s .  O n e - d i m e n s i o n a l  mode ls  r e p o r t e d  have  n o t  been 
d e r i v e d  by m a t h e m a t i c a l  m o d i f i c a t i o n s  o f  t h e  g e n e r a l  e q u a t i o n s  
o f  c h a n g e ,  and th e y  a r e  s im p l y  o b t a i n e d  f rom b a s i c  p r i n c i p l e s  by 
i g n o r i n g  t h e  d e p t h  and  w i d t h  v a r i a t i o n s .  T hus ,  th e y  have  o n ly  
v a r i a t i o n s  i n  t h e  one d im e n s io n  o f  l e n g t h  a l o n g  t h e  e s t u a r y  o r  r i v e r .  
T h i s  s i m p l i f i c a t i o n  makes a n a l y t i c a l  s o l u t i o n  p o s s i b l e  i n  some 
c a s e s .  Most o f  t h e  c o n c e r n  i n  o n e - d i m e n s i o n a l  e s t u a r i n e  s t u d i e s  
i s  t h e  m o d e l in g  o f  mass t r a n s f e r  i n  l o n g  and  n a r ro w  e s t u a r i e s  e s p e c i ­
a l l y  f o r  d i s s o l v e d  o x y g e n ,  BOD e t c .  The w id e ,  s h a l l o w  e s t u a r i e s  
c a n n o t  be a c c u r a t e l y  modeled  w i t h  o n e - d i m e n s i o n a l  e q u a t i o n s .  One­
d i m e n s i o n a l  m o d e l in g  i s  r e p r e s e n t e d  by t h e  works  o f  P r i t c h a r d  
( R e f s .  2 . 2 ,  2 . 2 0 ,  2 . 2 1 ,  2 . 2 2 ) ,  H ar lem an  ( R e f s .  2 . 2 3 ,  2 . 2 3 ,  2 . 2 5 ,  
2 . 2 6 ) ,  Ippen  ( R e f s .  2 . 2 7 ,  2 . 2 8 ,  2 . 2 9 )  and  H o l l e y  ( R e f s .  2 . 3 0 ,  2 . 3 1 ) .
F u t u r e  E s t u a r i n e  M odeling
T h r e e - d i m e n s i o n a l  m ode ls  ( R e f .  2 . 3 2 )  w i l l  come i n t o  b e i n g  w i t h  
f a s t e r  and  l a r g e r  memory c o m p u t e r s .  However,  t h e  i n c r e a s e d  a c c u r a c y  
o b t a i n e d  by t h r e e - d i m e n s i o n a l  models  c o u l d  be  c o n s i d e r e d  a  lu x u ry  
i n  many c a s e s .  M ode l ing  o f  e s t u a r i e s  i s  u s u a l l y  done  e i t h e r  t o  
p r e d i c t  w a t e r  q u a l i t y  o r  a s  a  p a r t  o f  a n  o v e r a l l  s y s t e m  a n a l y s i s  
(See  F i g .  1 . 1 ) .  S o l u t i o n s  f o r  long  t im e  p e r i o d s  a r e  o f  more im­
p o r t a n c e  t h a n  i n c r e a s e d  r e s o l u t i o n  i n  t h e  s p a c i a l  d i m e n s i o n s .
R s l u a r i n e  models  today  g i v e  r e s u l t s  t h a t  have n o t  been  b e t t e r e d  by 
e x p e r i m e n t a l  m e a su re m e n t s .  The need t o  model  lo ng  te rm v a r i a t i o n s  
i s  g r e a t .  The n a t u r a l  s c i e n t i s t  i s  i n t e r e s t e d  i n  s e a s o n a l  and 
y e a r l y  v a r i a t i o n s ,  and t o  o b t a i n  t h e s e  r e s u l t s  w i t h  t o d a y ' s  models  
i s  e x c e s s i v e l y  t im e -c o n s u m in g .  The o b v io u s  answ er  i s  t o  p ro d u ce  
a t i m e - a v e r a g e d  model  t h a t  can  t a k e  l a r g e  t im e  s t e p s .  However,  
th e  d i f f i c u l t i e s  o f  t h i s  p r o c e d u r e  have  n o t  y e t  been  r e s o l v e d  
(See Appendix  C ) . A s e a s o n a l  e s t u a r i n e  mode l  i s  t h e  f u t u r e  s t e p  
i n  s h a l l o w  c o a s t a l  w a t e r s  s y s tem s  a n a l y s i s .
C o n t r i b u t i o n s
In  o r d e r  t o  p ro d u ce  b e t t e r  t w o - d i m e n s i o n a l  e s t u a r i n e  m o d e l s ,  
a  d e e p e r  u n d e r s t a n d i n g  o f  t h e  e q u a t i o n s  i n v o l v e d  i s  n e e d e d .  Nowhere 
i n  t h e  l i t e r a t u r e ,  w i t h  t h e  e x c e p t i o n  o f  R e f .  2 . 1 3 ,  a r e  t h e  e q u a t i o n s  
f o r  t h e  v e r t i c a l l y  a v e r a g e  models  a d e q u a t e l y  d e r i v e d .  A l s o ,  a l l  t h e  
mode ls  p r e s e n t e d  a r e  c o n c e rn e d  w i t h  e i t h e r  s to r m  s u r g e s  o r  w a t e r  
q u a l i t y  e x i s t i n g  i n  g i v e n  b a y s .  There  a r e  e x t e n s i v e  e s t u a r i e s  
e s p e c i a l l y  i n  th e  G u l f  Coas t ,  and t h e s e  m a rs h es  a r e  f l u s h e d  r e g u l a r l y  
w i t h  th e  t i d e s .  Th is  p r o c e s s  h a s  been  t r e a t e d  in  t h e  l i t e r a l u r e  a s  
f l o o d i n g  o f  t i d a l  f l a t s .  I t  i s  o f  i n t e r e s t  t o  th e  b i o l o g i s t  t o  know 
t h e  f low  p a t t e r n s  and s p e c i e s  t r a n s p o r t  i n  t h e s e  a r e a s ,  a s  i t  i s  h e r e  
t h a t  th e  h i g h  p r i m a r y  p r o d u c t i v i t y  t h a t  i s  c h a r a c t e r i s t i c  o f  th e  e s ­
t u a r y  t a k e s  p l a c e .  B a r a t a r i a  Bay,  t h e  e s t u a r y  t h i s  work  i s  c o n c e r n e d  
w i t h ,  i s  a  complex  and v a s t  body o f  w a t e r .  Th i s  a r e a  i s  b e i n g  s t u d i e d ,  
and th e  main  t h r u s t  o f  t h i s  work i s  t o  d e v e l o p  v e r t i c a l l y  a v e r a g e d  
t r a n s p o r t  mode ls  t h a t  w i l l  become p a r t  o f  t h e  s y s t e m  a n a l y s i s .  Tn 
summary t h i s  work w i l l :
1. R i g o r o u s l y  d e r i v e  th e  v e r t i c a l l y  a v e r a g e d  e q u a t i o n s  t h a t  
d e s c r i b e  th e  momentum, e n e r g y  and mass t r a n s f e r  in  a s h a l l o w  e s t u a r y .
2.  D eve lop  and v e r i f y  a t r a n s p o r t  m ode l ,  u s i n g  th e  above 
m e n t io n e d  e q u a t i o n s  t h a t  d e s c r i b e  w a t e r  l e v e l  v a r i a t i o n s ,  v e l o c i t y  
p r o f i l e s ,  t e m p e r a t u r e  and s a l i n i t y  d i s t r i b u t i o n s  i n  B a r a t a r i a  Bay.
3. I n c l u d e  i n  th e  above  m e n t io n e d  m ode l ,  t h e  m a rs h e s  t h a t  
s u r r o u n d  t h e  main body o f  w a t e r  o f  B a r a t a r i a  Bay.
4 .  P r e s e n t  r e s u l t s  o f  t h e  above m e n t io n e d  model  f o r  t y p i c a l  
and a t y p i c a l  c o n d i t i o n s  on t h e  B a r a t a r i a  Bay e s t u a r y .
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CHAPTER III
d e r i v a t i o n  of equations  for  the  transport  phenomena
OF SHALLOW ESTUARINE BAY SYSTEMS
I n t r o d u c t i o n
The p u r p o s e  o f  t h i s  c h a p t e r  i s  t o  r i g o r o u s l y  d e r i v e  th e  v e r t i c a l l y  
a v e r a g e d  e q u a t i o n s  t h a t  d e s c r i b e  th e  momentum, e n e r g y  and mass t r a n s f e r  
processes i n  a s h a l l o w ,  v e r t i c a l l y  mixed e s t u a r i n e  bay .  The v e r t i c a l  i n t e ­
g r a t i o n  o f  t h e  g e n e r a l  e q u a t i o n s  o f  c o n t i n u i t y  and m ot ion  r e s u l t s  in  the  
Hydrodynamics  1 Model .  The same m a t h e m a t i c a l  p r o c e d u r e ,  when a p p l i e d  t o  
t h e  g e n e r a l  e q u a t i o n s  o f  e n e r g y  and s p e c i e s  c o n t i n u i t y ,  p roduces  the  
Energy  T r a n s p o r t  and Mass T r a n s p o r t  Models  r e s p e c t i v e l y .
The f i r s t  p a r t  o f  t h i s  c h a p t e r  w i l l  c o n s i s t  o f  th e  d e r i v a t i o n  o f  t h e  
Hydrodynamics 1 Model .  The two s u b s e q u e n t  p a r t s  w i l l  be th e  d e r i v a t i o n  o f  
t h e  E ne rgy  T r a n s p o r t  Model and t h e  Mass T r a n s p o r t  Model .  S p e c i a l  c a r e  
w i l l  be  g i v e n  to  t h e  t e rm s  a r i s i n g  due  t o  d i f f u s i o n  and c o n v e c t i o n  a t  t h e  
s u r f a c e  and  b o t to m  o f  t h e  body o f  w a t e r .
Hydrodynamic Model
The Hydrodynamic model  i s  o b t a i n e d  by t r a n s f o r m i n g  the  e q u a t i o n s  o f  
c o n t i n u i t y  and  m o t io n .  In  o r d e r  t o  t r a n s f o r m  t h e s e  e q u a t i o n s ,  a c e r t a i n  
number o f  a p p r o x i m a t i o n s  have  t o  be made.  These  a p p r o x i m a t i o n s  a p p l y  to  
a l l  t h e  e q u a t i o n s  d e r i v e d  i n  t h i s  c h a p t e r .  T a b l e  3 . 1  summar izes  t h e s e  
a p p r o x i m a t i o n s .
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TABLE 3.1
APPROXIMATIONS USED IN THE DERIVATION OF 
TRANSPORT PHENOMENA EQUATIONS FOR SHALLOW ESTUARIES
A p p r o x im a t io n Terms N e g l e c t e d
I n c o m p r e s s i b l e  F low: C o n s t a n t  
d e n s i t y  i s  assumed due t o  
n e g l i g i b l e  ch a n g e s  i n  d e n s i t y  
from t e m p e r a t u r e  and s a l i n i t y  
v a r i a t i o n s .
V.p
Two-D imens iona l  E f f e c t s :  The I n e r t i a  and s t r e s s  te rm s  i n  
t h e  z - d i r e c t i o ni m p o r t a n t  e f f e c t s  o c c u r  i n  t h e  h o r i ­z o n t a l  p l a n e .
No Underground S e ep ag e :  Flow o f  w a t e r  
t h r o u g h  t h e  b o t to m  i s  n e g l i g i b l e . w ( x , y , h , t )
No G r a v i t y  E f f e c t s  : Flow i s  i n  t h e  
h o r i z o n t a l  p l a n e .
rn
> ) SI j  1 
1 =1
No D i f f u s i v e  T r a n s p o r t  o f  Momentum:
2_/ T l a m i n a r ,  ed d y -1 n u
V L ^  + "■ : , « 2 >
2 9 - *, l a m i n a r ,  eddy i ' d  u , cV v ^  ! 
i.vr  ’ ■ ' K v y s J
t  : 7  v
Due t o  t h e  low v e l o c i t i e s  found in  
t h e  s y s tem .
No Bottom S l i p :  The v e l o c i t i e s  a t u ( h )
v ( h )t h e  b o t to m  a r e  z e r o .
No Momentum due t o  R a i n :  Momentum wu (L) 
wv(L)by r a i n f a l l  i s  n e g l i g i b l e .
Uniform V e l o c i t y  P r o f i l e s  i n  t h e  
V e r t i c a l  D i r e c t i o n :  A u n i f o r m  v e l o c ­ u ( z )
v ( z )i t y  i s  assum ed .  E x p e r i m e n t a l  meas ­
u re m e n ts  a r e  shown i n  C h a p t e r  IV.
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TABLE 3 . 1  
(C o n t in u e d )
A p p r o x im a t io n Terms N e g l e c t e d
No Bottom V a r i a t i o n  w i t h  T im e: The 
b o t to m  p r o f i l e  d o e s  n o t  change  w i t h  
t i m e .
Sh
S t
No PV Work:  Due t o  t h e  f l u i d  
b e i n g  i n c o m p r e s s i b l e
/ ' S l n V o l D p  
v SlnT yp.n.^ Dt
No H ea ts  o f  M ix in g :  Hea t  o f  m ix ing  
o f  t h e  s p e c i e s  c o n s i d e r e d  i s  
n e g l i g i b l e .
Hi V .J j
B in a ry  D i f f u s i o n :  Due t o  low *
B B A, m u l t i c o m p o n e n t  = A, b i n a r y
c o n c e n t r a t i o n s ,  s p e c i e s  d i f f u s e  
i n d e p e n d e n t l y  from e a c h  o t h e r .
E q u a t i o n  o f  C o n t i n u i t y  
The g e n e r a l  e q u a t i o n  o f  c o n t i n u i t y  i s  g iv e n  by Dronkers  (Ref .  3 . 1 ) ,  
f o r  a t u r b u l e n t  i n c o m p r e s s i b l e  f l u i d ,  a s :
ir + ir + i r -o  o-nSx Sy Sz
The mos t  i m p o r t a n t  e f f e c t s  a r e  two d i m e n s i o n a l  and a r e  in  t h e  h o r i z o n t a l  
p l a n e .  Thus ,  t h e  g e n e r a l  e q u a t i o n  can  be t r a n s f o r m e d  i n t o  two d im en­
s i o n s  by v e r t i c a l  i n t e g r a t i o n .  In  o t h e r  w o rd s ,  th e  a v e r a g e  v a l u e s  o f  the  
v a r i a b l e s  i n  t h e  v e r t i c a l  d i r e c t i o n  can  be  o b t a i n e d  so a s  t o  p ro d u c e  a 
tw o - d i m e n s i o n a l  model  t o  d e s c r i b e  t h e  p h y s i c a l  sy s tem .
I n t e g r a t i n g  Eq. ( 3 . 1 )  i n  t h e  z - d i r e c t i o n ,  from t h e  b o t to m ,  h, to  th e
s u r f a c e ,  L, we o b t a i n :
pi  ^
J ^ z  + g ^ z  +  w ( x , y , L , t )  -  w ( x , y , h , t )  = 0 ( 3 . 2 )
I f  Fn ( x , y , t )  = 0 i s  d e f i n e d  a s  t h e  e q u a t i o n  r e p r e s e n t i n g  a s u r f a c e ,  e . g . ,  
t h e  bay  a i r - w a t e r  s u r f a c e  o r  w a t e r - b o t t o m  s u r f a c e ,  t h e n  a t  e v e r y  p o i n t  on 
e i t h e r  s u r f a c e  t h e  s u b s t a n t i a l  d e r i v a t i v e  o f  Fn can  be w r i t t e n  a s :
DFn _ ^  ^  -
■5T -  - a T  +  “• ^ T  +  ^  = 0 ( 3 -3)
In  F i g u r e  ( 3 . 1 ) ,  h i s  t h e  d i s t a n c e  from t h e  b o t to m  to  t h e  g iv e n  r e f e r e n c e  
p l a n e  (mean w a t e r  l e v e l  o f  t h e  e s t u a r y )  and  L i s  t h e  c o r r e s p o n d i n g  d i s ­
t a n c e  t o  t h e  w a t e r  s u r f a c e  from t h e  r e f e r e n c e  p l a n e .  A t  th e  bo t tom  
Fnb = h ( x , y ) .  S u b s t i t u t i n g  i n t o  Eq. ( 3 . 3 ) :
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AC = L CB = - h  AB = D
D = L - ( - h )
________    W ate r  ___
A S u r f a c e
p
R e f e r e n c e
P l a n e
B . Bottom
F i g u r e  3 . 1 .  D e f i n i t i o n  o f  V a r i a b l e s  f o r  S h a l l o w  E s t u a r i n e  
Body o f  W a te r .
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A t t h e  s u r f a c e  o f  t h e  e s t u a r y  Fng = L ( x , y , t ) .  S u b s t i t u t i n g  i n t o  Eq. 
( 3 . 3 ) :
DFn s  _ SL , BL . dL _- r r  +  u—  +  v-r- = 0  ( 3 . 5 )Dt at Sx Sy
I f  t h e  L e i b n i t z  i n t e g r a l  r u l e  i s  a p p l i e d  t o  t h e  f i r s t  t e rm s  o f  Eq. ( 3 . 2 ) ,  
t h i s  e x p r e s s i o n  becom es :
JL "L 
ax „ hJ udz -  u ( x , y , L , t ) | ^  + u ( x , y , h , t ) | ^  +
( 3 . 6 )
d J vdz -  v ( x , y , L , t ) | ^  + v ( x , y , h , t ) | ^  +  w ( x , y , L , t )  - w ( x , y , h , t )  = 0
Group i n g :
( 3 . 7 )
w ( x , y , L , t )  -  w ( x , y , h , t )  = 0
Note t h a t  t h e  te rm s  i n c l u d e d  i n  t h e  f i r s t  b r a c k e t  on t h e  l e f t  hand s i d e  
o f  Eq. ( 3 . 7 )  a r e  e q u a l  t o  (aL/at) by Eq.  ( 3 . 5 ) .  A l s o  n o t e  t h a t  t h e  sum 
o f  te rm s  i n  t h e  second  b r a c k e t  i s  e q u a l  t o  z e r o  by Eq. ( 3 . 4 ) .  Then Eq.
( 3 . 7 )  r e d u c e s
^  J udz +  “  J vdz +  +  w ( x , y , L , t )  -  w ( x , y , h , t )  = 0 ( 3 . 8 )
D e f i n i n g :
1 PLU = i J  udz ( 3 . 9 )
h
4( 3 . 1 0 )
Then,  Eq. ( 3 . 8 )  becom es :
( 3 . 1 1 )
Assuming no u n d e r g r o u n d  s e e p a g e
w ( x , y , h , t )  = 0 ( 3 .1 2 )
The w v e l o c i t y  a t  t h e  s u r f a c e  i s  t h e  n e t  o f  t h e  r a i n f a l l  r a t e  and th e  
e v a p o r a t i o n :
The minus  s i g n  f o r  t h e  te rm  w(L) i n  Eq.  ( 3 . 1 1 )  i s  e l i m i n a t e d  due  t o  t h e  
f a c t  t h a t  t h e  d i r e c t i o n  o f  t h e  r a i n  i s  i n  t h e  minus  z - d i r e c t i o n .  Thus ,  
Eq. ( 3 . 1 1 )  can  be  w r i t t e n  a s :
Eq. ( 3 . 1 4 )  i s  t h e  v e r t i c a l l y  i n t e g r a t e d  c o n t i n u i t y  e q u a t i o n ,  and  i t  
fo rms p a r t  o f  t h e  Hydrodynamic Model .  The o t h e r  p a r t s  o f  t h e  Hydro- 
dynamic Model c o n s i s t s  o f  t h e  com ponents  o f  t h e  v e r t i c a l l y  i n t e g r a t e d  
e q u a t i o n  o f  m o t io n .  I n  Eq. ( 3 . 1 4 )  t h e  te rm s  DU and  DV c a n  be t h o u g h t  
o f  a s  a v e r a g e  d i s c h a r g e  r a t e s ,
w ( x , y , L , t )  * R-Ev ( 3 . 1 3 )
S(DU) + 5 (DV) +  BL _ ( 3 . 1 4 )dx By Bt
( 3 . 1 5 )
DV = Qy
Using  t h e  above  d e f i n i t i o n s ,  Eq.  ( 3 . 1 4 )  c a n  be w r i t t e n  a s :
(3.16)
4:
= R-Ev ( 3 . 1 7 )dx dy S t
E q u a t i o n s  o f  Motion  
The g e n e r a l  t i m e - a v e r a g e d  t u r b u l e n t  e q u a t i o n  o f  m o t io n  f o r  a f l u i d  
i s  g i v e n  a s  (R e f .  2 . 1 ) :
P Dt = " Vp -  +  pg ( 3 . 1 8 )
In  t h e  above  e q u a t i o n ,  t h e  t e rm  t  r e p r e s e n t s  t h e  sum o f  t h e  l a m i n a r  and 
t u r b u l e n t  s t r e s s e s  a s  shown i n  Eq. ( 3 . 1 9 )
= _ = l a m i n a r  = t u r b u l e n t
T * T +  T ( 3 . 1 9 )
Eq. ( 3 . 1 8 )  can  be  expanded  i n  a r e c t a n g u l a r  c o o r d i n a t e  s y s tem .
When t h e  x - y  p l a n e  o f  t h i s  c o o r d i n a t e  s y s tem  i s  on t h e  s u r f a c e  o f  t h e  
e a r t h ,  a s  i t  i s  i n  t h i s  c a s e ,  t h e  sy s t e m  i s  moving w i t h  t h e  v e l o c i t y  of  
the s u r f a c e  o f  t h e  e a r t h  as  i t  r o t a t e s  a r o u n d  i t s  a x i s .  Due t o  t h i s  m o t io n  
o f  t h e  c o o r d i n a t e  s y s t e m ,  a  new te rm  a p p e a r s  i n  Eq. ( 3 . 1 8 ) .  T h i s  t e rm  
i s  t h e  C o r i o l i s  f o r c e .  E xpan d in g  Eq.  ( 3 . 1 8 )  i n  t h i s  f a s h i o n  f o r  t h e  
x -c o m p o n e n t ,  r e s u l t s  i n :
Su , Su __Su , __5u „ _ 1 Sp—  + u—  + v—  +  w- Fv = - — —tS t  ax Sy Sz p dx
( 3 . 2 0 )
' S Tx x  , STx y  S t .1 T tX  , r’  . r)Tx z l  .
p r s r +  _ s r  +  — J  +  g*
The x - y  p l a n e  i s  o r i e n t e d  i n  s u c h  a  f a s h i o n  a s  t o  be p a r a l l e l  t o  t h e  
h o r i z o n t a l  p l a n e ,  c o n s e q u e n t l y  t h e  e f f e c t  o f  g r a v i t y  i s  e l i m i n a t e d .  
T h e r e f o r e ,  t h e  x -com ponen t  e q u a t i o n  o f  m o t io n  r e d u c e s  t o :
I n t e g r a t i n g  i n  th e  v e r t i c a l  d i r e c t i o n ,  from th e  b o t to m  to  th e  s u r f a c e ,  
g i v e s :
The e x p r e s s i o n s  f o r  t h e  s h e a r  and  n o rm a l s t r e s s e s ,  t and  t v a s  g iv e nxx
by B ird  (R e f .  3 . 2 ) ,  i n  te rm s  o f  t h e  v i s c o s i t y  and v e l o c i t y  g r a d i e n t s  a r e  
now s u b s t i t u t e d  i n t o  Eq. ( 3 .2 2 )  and  t h e  r e s u l t  i s  th e  f o l l o w i n g  e q u a t i o n
To c o n t i n u e  th e  d e r i v a t i o n  i t  m ust be assum ed t h a t  th e  v e l o c i t y  i s  
u n i fo rm  in  th e  v e r t i c a l  d i r e c t i o n  i n  o r d e r  t o  e v a l u a t e  th e  i n e r t i a l  te rm s  
in  t h e  e q u a t i o n .  Due to  t h e  s h a l lo w n e s s  o f  th e  bay  u n d e r  s t u d y ,  t h i s  
a p p r o x im a t io n  i s  r e a s o n a b l e .  Some e x p e r i m e n t a l  m easu rem en ts  c o n f i r m in g  
th e  ab o v e  a p p r o x im a t io n  a r e  shown in  A ppend ix  B.
U sin g  L e i b n i t z ' s  r u l e ,  Eq. ( 3 .2 3 )  t r a n s f o r m s  t o :
( 3 .2 2 )
Fvdz
la m in a r  ed d y ^  Zd_u ■ d v
+  l1 . ^ 7 +S a y
l a m in a r
( 3 .2 3 )
A T
at .» .
9L d hudz -  u ( x , y , L , t )  —  +  u ( x , y , h , t )  —  +a t
u [ | r  1  udz  -  fjj: + « < * . y . h , t )  f j j ]  +




g d z ]  -  F J Vdz = -  i  J dz -
(1dddy-) ( s ! u + ^ : j d z . i | j - a g z di
As a  r e s u l t  o f  t h e  low v e l o c i t i e s  e x i s t i n g  i n  th e  s y s te m ,  th e  d i f f u s i v e  
t r a n s p o r t  o f  momentum p l a y s  a  n e g l i g i b l e  r o l e .  C o n s e q u e n t ly ,  i f  th e  
te rm s  in  b r a c k e t s  in  t h e  r i g h t  hand s i d e  o f  Eq. ( 3 .2 4 )  a r e  n e g l e c t e d ,
Eq. ( 3 .2 4 )  r e d u c e s  t o :
ft rL ft “L
—  f udz +  U —at Jh d x  i udz +  J udz +  jjwu(L) -  w u (h ) J  -h
u(*,y,I.,t,|j* + „§i + v|i] + u(x.y,h,t)[f| + u|t + v§£] - (3.25,
vdz = . I  f
o dx J.
„L
ft I d z -----p h p J
dT xz
dz dz
The te rm s  i n  th e  second  b r a c k e t  a r e  e q u a l  t o  z e r o  by  Eq. ( 3 . 5 ) .  The 
b o t to m  p la n e  h ( x , y )  d o e s  n o t  v a r y  w i th  t im e ,  t h u s ,  th e  te rm s  in  t h e  t h i r d  
b r a c k e t  a r e  a l s o  e q u a l  t o  z e r o  by  Eq. ( 3 . 4 ) .  A l s o ,  [wu(L) -  w u (h ) ]  i s  
z e r o  b e c a u s e  u ( h )  i s  z e r o  (no b o t to m  s l i p )  and  u (L )  i s  t h e  r a i n f a l l  r a t e  
w h ich  i s  n e g l i g i b l e  a s  f a r  a s  momentum added  to  t h e  sy s te m  i s  c o n c e r n e d .
4T h e r e f o r e ,  Eq. ( 3 .2 5 )  t r a n s f o r m s  to :
■^7 f  udz +  u f udz + V ^ "  <* udz 
8 t  J h Sx J h  * *  - h
-  F vdz  =
(3 .2 6 )
p dx p .'h az
V e r t i c a l l y  a v e ra g e d  v e l o c i t i e s  w ere  d e f i n e d  by  Eqs. ( 3 .9 )  and  ( 3 . 1 0 ) ;  
u s i n g  t h e s e  d e f i n i t i o n s  and  t h e  a p p r o x im a t io n  o f  u n i fo rm  v e r t i c a l  p r o ­
f i l e s  i t  can  be s t a t e d  t h a t :
w here
i  J  u d z  = U
h
D J  Vdz = Vh
D = h +  L
(3 .2 7 )
( 3 .2 8 )
( 3 .2 9 )
U sing  t h e s e  d e f i n i t i o n s ,  Eq. ( 3 .2 6 )  c a n  be w r i t t e n  a s :
a jff iP l  + U M M  +  VM M  .  fvd
dt dx Sy
( 3 .3 0 )
“ p tx ’ 7tTxz(L) " Txz(h)
I f  th e  d e r i v a t i v e  te rm s  in  th e  l e f t - h a n d  s i d e  o f  Eq. ( 3 .3 0 )  a r e  expanded  
and  Eqs. ( 3 .4 )  and  ( 3 .5 )  a r e  u s e d ,  Eq. ( 3 .3 0 )  c a n  be w r i t t e n  a s :
D +  D u | ^  +  D V -  FVD
dt dx dy
(3.31)
.  D ^  .  IT  ( )
p dx pi xz^ xz (h ) l
o r :
4f
m  +  „ m  + v m
dt dx dy p dx
Dp £ Tx z ( k )  ” Tx z ( ^ ) J  
U s in g  Eqs. (3.27) and  ( 3 . 2 8 ) ,  Eq. ( 3 .3 2 )  r e d u c e s  t o :
M +  u a u +  V M  -  FV = -  I  S £
dt “dx v dy p 3x
( 3 .3 2 )
( 3 .3 3 )
Dp [ Tx z (L) " Txz<h >]
To o b t a i n  t h e  e x p r e s s i o n  t o  e v a l u a t e  t h e  p r e s s u r e  g r a d i e n t  te rm  in  th e  
ab o v e  e q u a t i o n ,  t h e  z -com ponen t o f  th e  e q u a t i o n  o f  m o t io n  c a n  be  s i m p l i ­
f i e d  by t h e  p r e v i o u s l y  s t a t e d  a s s u m p t io n s  t o  g i v e :
-  -  pg » °  ( 3 .3 4 )
T h is  e q u a t i o n  c a n  be v e r t i c a l l y  i n t e g r a t e d  to  y i e l d
p = Pa  +  p g (L -h )  ( 3 .3 5 )
T ak in g  th e  d e r i v a t i v e  o f  th e  a b o v e  e q u a t i o n  w i t h  r e s p e c t  t o  x  a t  a 
c o n s t a n t  v a l u e  o f  z g i v e s :
*  “ 118 £  (3-36>
S u b s t i t u t i n g  Eq. ( 3 .3 6 )  i n t o  Eq. ( 3 .3 3 )  r e s u l t s  i n :
M  + u | u  + -  FV .  -g  3k  -
dt dx dy dx
£ tXz(L) -  TxzOO"!
(3 .3 7 )
The above  e q u a t i o n  i s  th e  v e r t i c a l l y  i n t e g r a t e d  x-com ponen t o f  th e  e q u a ­
t i o n  o f  m o t io n .  The y -com ponen t o f  th e  e q u a t i o n  o f  m o tion  can  be d e r iv e d  
i n  th e  same f a s h i o n .  The a s s u m p t io n s  u sed  to  d e r i v e  t h e s e  e q u a t i o n s  w ere 
l i s t e d  i n  T a b le  3 . 1 .  These  a s s u m p t io n s  a r e  u se d  th r o u g h o u t  t h e  r e s t  o f  
t h e  d e r i v a t i o n s .  To be  a b l e  t o  s o l v e  t h i s  e q u a t i o n ,  t h e  s t r e s s  te rm s  
m ust be e v a l u a t e d .  The n e x t  two s e c t i o n s  w i l l  be  d e v o te d  t o  t h i s  
e v a l u a t i o n .
E m p i r i c a l  R e l a t i o n s h i p s  f o r  th e  Bottom S t r e s s e s  
In  F i g u r e  3 . 2 ,  a  d e s c r i p t i o n  o f  l i q u i d  f low  in  t h e  x - d i r e c t i o n  i s  
g iv e n .  A f t e r  Masch (R e f .  2 . 1 5 ) ,  t h e  e n e rg y  s lo p e  Se i s  d e f i n e d  a s :
6  Tx z ( h )-S e  -  £  “ -----  ( 3 .3 8 )
P DP
L e t t i n g  $ d e s c r i b e  t h e  b o t to m  f r i c t i o n  f o r c e ,  t h e n :
c e _ -  F r i c t i o n  F o r c e /A r e a /L e n g th  F r i c t i o n  F o rc e
e -  p W eig h t F o rce /V o lum e W eig h t F o rc e
a n d :
-SeD = Tx z ( h) /p  (3 .3 9 )
Even th o u g h  th e  e n e r g y  s l o p e  i s  n e g a t i v e  i n  th e  d i r e c t i o n  o f  f lo w ,  a s  
shown i n  F ig .  3 . 2 ,  th e  n e g a t i v e  s i g n  a c c o u n t s  f o r  th e  f r i c t i o n  f o r c e  
a c t i n g  i n  a  d i r e c t i o n  o p p o s i t e  t o  t h e  f lo w . The e n e rg y  s lo p e  c a n  be
e v a l u a t e d  i n  te rm s  o f  th e  v e l o c i t y  by u s i n g  e i t h e r  t h e  Chezy o r  Manning
e q u a t i o n s .  Both o f  t h e s e  e q u a t i o n s  a r e  e m p i r i c a l  f i t s  o f  e x p e r i m e n t a l  
d a t a .
By th e  Chezy e q u a t i o n :
ft*
I * * ' *
t>e
G*
A v ^ '
t v ^ e
V **
4 S
U = C(Rh S e ) 1 /2  ( 3 .4 0 )
In  w ide  c h a n n e l s  R^, t h e  h y d r a u l i c  r a d i u s ,  i s  e s s e n t i a l l y  e q u a l  t o  t h e  
d e p t h  o f  f lo w ,  D. I f  C i s  d e f i n e d  a s :
c  ^ 7 7 ? <3 -4 1 >
( f x)
and  th e n  co m b in in g  E qs . ( 3 .4 0 )  and ( 3 .4 1 )  g iv e s  th e  f o l l o w i n g :
Se -  f 1 |U |UD"1 ( 3 .4 2 )
The a b s o l u t e  v a l u e  i s  n eed e d  t o  p r e s e r v e  th e  s i g n  o f  t h e  e n e r g y  s lo p e  
a s  th e  v e l o c i t y  ch a n g e s  d i r e c t i o n  i n  a  t i d a l  sy s te m .
By t h e  Manning e q u a t i o n :
.  1 .4 8 6  B„3 / 3 Se 1 /2  ( 3 .4 3 )
n
SO !
U2 = Rh4 / 3 s e  ( 3 .4 4 )
t h e n :
12 s  n 2
2 .2 0 8  W 4 / 3 y  
U sing  R^ = D f o r  a  w ide  c h a n n e l :
s e  -  ( ^ - T ^  ( 3 .4 5 )
Se ’  '  f 2 l u l UD' 1 ( 3 ' 4 6 >
w here
f 2 = \ — ( 3- 47)  2 L2 .2 0 8  D1 /3
I f  Eq. ( 3 .4 6 )  i s  m u l t i p l i e d  by D:
50
S e D = f | u | u  (3 .4 8 )
o r
-SeD = f 2 |u|DUD/D2 -  f 2 |Q |Q xD_2 ( 3 .4 9 )
I f  t h e  f r i c t i o n  f a c t o r  f o r  Eqs. ( 3 .4 6 )  and  ( 3 .4 2 )  i s  d e f i n e d  a s :
f  = gD/C2 ( 3 .5 0 )
and  from Eq. ( 3 .3 9 )
T xz(h) = -  SeDp ( 3 .5 1 )
th e n ,  s u b s t i t u t i n g  Eq. ( 3 .4 9 )  i n  t h e  above  r e l a t i o n s h i p  and  u s i n g  Eq. 
( 3 .5 0 )  r e s u l t s  i n :




t h u s ,
TxzOO “  pg = p g . l9 ,l.u ( 3 .5 3 )nr*- _ o
(U2-W2 ) 1 /2 UTxzOO = pg  j g   ( 3 .5 4 )
T h is  l a s t  r e l a t i o n s h i p  i s  th e  one u sed  i n  t h i s  w ork . The Chezy c o e f f i ­
c i e n t  i s  c a l c u l a t e d  a s  (R ef .  2 . 1 2 ) :
C = d1/ 6 ( 3 .5 5 )
The b o t to m  r o u g h n e s s  c o e f f i c i e n t ,  n ,  i s  g iv e n  i n  t h e  l i t e r a t u r e  (R ef .  
2 1 . 2 ) ,  and  i t s  m ost common v a l u e  g iv e n  i s  0 .0 2 6 .
E m p i r i c a l  R e l a t i o n s h i p s  f o r  th e  S u r f a c e  S t r e s s e s  
To o b t a i n  an  e m p i r i c a l  r e l a t i o n s h i p  f o r  t h e  s u r f a c e  s t r e s s e s ,  t h e
k in e m a t i c  form f o r  t h e  w ind s t r e s s  i s  ta k e n  a s  (R e f .  3 . 2 ) .
(3.56)
Y = Typ-^  -  K]W2 s i n  0 (3 .5 7 )
Kx = 0 .0 0 2 6 * p a ( 3 .5 8 )
The above  r e l a t i o n s h i p  h a s  b e e n  u se d  by many p r e v i o u s  s t u d i e s  (R e f s .  
2 . 1 0 ,  2 . 1 1 ,  2 .1 4 )  s u c c e s s f u l l y  and  w i l l  be u s e d  i n  th e  p r e s e n t  w ork.
S u b s t i t u t i n g  Eq. ( 3 .5 6 )  and  ( 3 .5 4 )  i n  Eq. ( 3 .3 7 )  w i l l  r e s u l t  i n  th e  
v e r t i c a l l y  i n t e g r a t e d  x -com ponen t o f  t h e  e q u a t i o n  o f  m o t io n  f o r  th e  Hydro 
dynam ic M odel, a s  g iv e n  by Eq. ( 3 . 5 9 ) .  A s i m i l a r  d e r i v a t i o n  to  t h e  one 
shown w i l l  r e s u l t  i n  t h e  e q u a t i o n  f o r  th e  y -c o m p o n e n t ,  a s  shown in  Eq.
( 3 . 6 0 ) .  T hus ,  th e  Hydrodynamic Model e q u a t i o n s  a r e :
Hydrodynamic Model E q u a t io n s
3 (DU) , B(DV) . BL 
3x By Bt = R-Ev ( 3 .1 4 )
U(U2+V2 ) 1 /2  
8 DC2
( 3 .5 9 )
( 3 .6 0 )
E nergy  T r a n s p o r t  Model
The g e n e r a l ,  t im e - a v e r a g e d ,  t u r b u l e n t  e n e rg y  t r a n s p o r t  e q u a t i o n  i s  
g iv e n  by B i r d ,  S t e w a r t  and L i g h t f o o t  (R ef .  2 . 1 )  a s :
DE -* /-♦  lam inar -* turb'N -*-* , „ . /o £ i \P^£  = -V.^q + q J  - tt:V v  + E (3 .6 1 )
D e f in in g  e n t h a l p y  p e r  u n i t  m ass ,
H -  E +  p /p  ( 3 .6 2 )
T ak in g  th e  s u b s t a n t i a l  d e r i v a t i v e  g i v e s :
D S o M + I I k . J i . M  ( 3 .6 3 )
Dt Dt p Dt p 2  Dt
D e f in in g  t h e  p r e s s u r e  t e n s o r ,  tt:
t t  = t  +  p8 ( 3 .6 4 )
n : V v  — ( t  +  p6 ):Vv = t : V v  +  p 6 : W  ( 3 .6 5 )
s  s  ^  ^  ^
n : W  = t : W  + p v .v  ( 3 .6 6 )
S u b s t i t u t i n g  E q s .  ( 3 .6 6 )  and  ( 3 .6 3 )  i n t o  Eq. ( 3 . 6 1 ) :
DH -* -♦ = -* -»  _ / t! “* . 1  DPn, . Dp i v /o £-7\
P  _  =  - v . q  -  T ;v  v  -  p ( V . v  +  -  +  5 ?  + f  J i g i  ( 3 -67)
N o t in g  t h a t  th e  c o n t i n u i t y  e q u a t i o n  i s :
( 3 .6 8 )
v  p Dty
t h e n ,  Eq. ( 3 .6 7 )  becom es:
A
DH -♦ / ’-♦ la m in a r  . -♦ tu rb 'N
p Dt
* “ , ♦ r  b ^ \ =  - * - *  Dp , „
V. (^q +  q j  -  t : V  v  +  ^  +  E ( 3 .6 9 )
E n th a lp y  p e r  u n i t  m a ss ,  H, i s  a  f u n c t i o n  o f  t e m p e r a tu r e ,  p r e s s u r e  and 
c o m p o s i t i o n ;  t h u s :
5 :
H = H C T .P .h i)
s o :
£13 _ ^  DT D£ Y  Dnj
Dt vdX /p^n^  Dt VBpyTjn^ Dt L  '^n j/T ^p ji i . .  Dt
1=1 1^1
By d e f i n i t i o n :
= CVdTyp n “ ^p
i  i
=  h
\ B n j y T j p j n .  i
U s in g  b a s i c  therm odynam ic r e l a t i o n s h i p s ,
c i s ) . , . ,  ■ t ~  -  ■ c s s , , . , ]
A form o f  th e  s p e c i e s  c o n t i n u i t y  e q u a t i o n  i s  (R e f .  2 . 1 ) :
Dwi -» —»





Dni = _1_ Dwi 
Dt Dt
( 3 .7 0 )
( 3 .7 1 )
( 3 .7 2 )
( 3 .7 3 )
( 3 .7 4 )
( 3 .7 5 )
( 3 .7 6 )
( 3 .7 7 )
( 3 .7 8 )
t h e n :
5'
Dni _ 1 
Dt p= -  +  R i l  ( 3 .7 9 )P L J
S u b s t i t u t i n g  E qs . ( 3 . 7 9 ) ,  ( 3 . 7 5 ) ,  ( 3 .7 3 )  and  ( 3 .7 2 )  i n t o  Eq. ( 3 .7 1 )  
and  m u l t i p l y i n g  th r o u g h  by th e  d e n s i t y  we o b t a i n :
> i  - [ i - ( ? » * . , ]  g  <3 -8°>
S u b s t i t u t i n g  Eq. ( 3 .8 0 )  i n t o  Eq. ( 3 .6 9 )  l e a d s  t o :
( 3 .8 1 )
_ DT -* /-» l a m in a r  , -  t u r b " \  = -* -* , V  •
pCP Dt = '  V‘Vq q “ T :V v  +  2 "
1=1
( w ) p f l 5 ? + i
i =i
U sin g  t h e  a s s u m p t io n s  s t a t e d  i n  T a b le  3 . 1 ,  Eq. ( 3 .8 1 )  becom es:
r  £ 1 - / 7? l a m in a r  -  t u r b N  ^  u  v  «9 \pCp ^  ~ V.(^q +  q )  ~ )_> Hi  i  ( 3 .8 2 )
i =1
o r  t h e  above  c a n  be  w r i t t e n  a s  t h e  f o l l o w i n g  u s i n g  the continuity  equation
B
pCp +  pCp V.Tv = -  v . q t u r b -2 j ( 3 .8 3 )
1=1
E x pand ing  i n  r e c t a n g u l a r  c o o r d i n a t e s  g i v e s  (and l e t t i n g  t u r b  = t )
r  +  B£uT) ,5(v T) +  B(wT)-j =
P'-'PLBt Bx By Bz JBy
( 3 .8 4 )
rdqx Sq' dqz-j “•
■r i r  +  - ^  +  i r J -  I  V i
i .1
Eq. ( 3 .8 4 )  i s  t h e  g e n e r a l  e n e rg y  t r a n s p o r t  e q u a t i o n  a s  a p p l i e d  to  a 
s h a l l o w  e s t u a r i n e  b a y .  To o b t a i n  th e  v e r t i c a l l y  a v e r a g e d  e n e r g y  e q u a t i o n ,  
Eq. ( 3 .8 4 )  i s  i n t e g r a t e d  i n  t h e  v e r t i c a l  d i r e c t i o n ,  a s  shown b e lo w .
c  ;L r m  +  x p l  +  z m i  +  i i « n d ! ! .
P p J h !..at dx dy dz J
(3 .85 )
rL 9*iy rL ^  ~
“ J .  L it + + i r ] dz - J L  Hi Ri dz
h h 1=1
U sing  a n  a v e r a g e  v e r t i c a l  v e l o c i t y ,  i t  i s  p o s s i b l e  t o  a p p l y  L e i b n i t z ' s  
i n t e g r a t i o n  r u l e  t o  Eq. ( 3 .8 5 ) .  T ak in g  e a c h  te rm  i n d i v i d u a l l y  g i v e s :
r*L _  _ _L
I  I f  dz  = I f  I  I d z  '  T (x >y-L- t > I f  +  T <x . y . h . t )n h
dh
d t  ( 3 .8 6 )
r  ^  dz  "  £  u  I  Tdz -  “ T ( x , y . I . . t )  §  +  u K x . y . h . t )  f |
J . ^ dz  = I f  I  % dz ■ q t <x > y , i . , t )  | f  +  t ' f r . y . h . t )  <3 - 91>
( 3 .8 7 )
J h  dz  = ^  v  J h Tdz '  v T (x >y*L>t > I f  +  v T f r . y . h . t )  | ~  ( 3 .8 8 )
r d(wT) dz « wT(L) - wT(h) ( 3 .8 9 )
J ,  dz
I  I T  dZ = i  I  q*dz  '  q t ' x ' y - L- t ) +  « t:(x . y . h >t ) H  (3 -5 0 )
I
l 3 ^  
dz dz = q (L )  -  q ( h ) ( 3 .9 2 )
„L “r v  ~
Jh L  %R^dz D Y H i ^ i ( 3 .9 3 )
1 s l I s l
S u b s t i t u t i n g  E qs . ( 3 .8 6 )  th ro u g h  ( 3 .9 3 )  i n t o  Eq. ( 3 .8 5 )  r e s u l t s  i n :
5!
pc p K  f  Td!! +  &  0  f  Td* +  i  v  I '  Tdz'h
T ( x , y , L , t )  ( g  +  U ^  +  V +  T < * ,y ,h ,t )  ( | |  +
U +  V + w T (L )  -  wT(h)~l = -  ( 3 .9 4 )ox oyy J
C  ^ + i  j *  ( g + 1 ) +
n
q t ( x , y , h , t )  +  | ^ )  +  q (L )  -  q(h)~| -  D 2, H ^ i
1 CS^
U sin g  F o u r i e r ' s  Law and  i n t e g r a t i n g ,  t h e  f o l l o w i n g  d e f i n i t i o n s  r e s u l t :
— i rLT = -  J Tdz ( 3 .9 5 )
s  d I  ^ dz = ‘ k * a i  ( 3 - 96)
9y 5 D Ih qydz ” "ky ty  <3-97)
S u b s t i t u t i n g  th e  l a s t  t h r e e  e q u a t i o n s  i n t o  Eq. ( 3 .9 4 )  and  u s i n g  Eqs. 
( 3 .4 )  and  ( 3 .5 )  g i v e s :
ps [ $ ♦ * ! * ♦ * £ * ] - £ ( * . £ )
_  » 
- • ^ ( j ) k y| ^ - [ p C pwT(L) -  pCp wT(h) + q ( L )  -  q ( h )  -  D 7 % % ]  = 0 ( 3 .9 8 )
1 SB 3-
5 7
In  th e  above  e q u a t i o n ,  th e  te rm s  i n  t h e  second  b r a c k e t  r e p r e s e n t  th e
s i n k s  and  s o u r c e s  (SS ) o f  e n e rg y  in  th e  f o l l o w i n g  form:
E
N ote t h a t  th e  th e rm a l  c o n d u c t i v i t y  c a n  be  d i f f e r e n t  f o r  th e  x -  and y -  
d i r e c t i o n s .  T h is  f o r m u l a t io n  a l lo w s  th e  medium t o  be a n i s o t r o p i c ,  how­
e v e r  t h i s  i s  n o t  n e c e s s a r i l y  so  i n  e s t u a r i n e  f lo w s .  In  m o d e l in g ,  th e  
e s t u a r y  v a l u e s  o f  th e  th e rm a l  c o n d u c t i v i t y  and  a l s o  th e  d i f f u s i v i t y  
a r e  u s e d .  These  a r e  l a r g e r  th a n  th e  v a l u e s  o f  th e  m o l e c u la r  p r o p e r t i e s  
These  v a l u e s  t a k e  i n t o  a c c o u n t  th e  t u r b u l e n t  t r a n s f e r  o f  mass momentum 
and e n e r g y ,  and th e y  a r e  u s u a l l y  c a l l e d  d i s p e r s i o n  c o e f f i c i e n t s .  These 
c o e f f i c i e n t s  a r e  a  f u n c t i o n  o f  th e  t u r b u l e n t  p r o p e r t i e s  o f  th e  f lo w  and 
t h e r e  a r e  no r i g o r o u s  m ethods f o r  c a l c u l a t i n g  them a  p r i o r i . D i s p e r s i o n  
c o e f f i c i e n t s  a r e  u s u a l l y  o b ta in e d  by a d j u s t i n g  th e  v a l u e s  o f  t h e  d i s ­
p e r s i o n  c o e f f i c i e n t s  such  t h a t  th e  m odel g iv e s  a  r e a s o n a b l e  f i t  o f  d a t a  
ta k e n  i n  e s t u a r y .
PCpwT(L) H ea t f low  due to  w a te r  l e a v i n g  ( e v a p o r a t i o n )  
o r  e n t e r i n g  ( r a i n f a l l )  th ro u g h  th e  s u r f a c e
pCpwT(h)
q(L)
H ea t f low  due t o  w a te r  l e a v i n g  o r  e n t e r i n g  
th ro u g h  th e  b o t to m  ( s e e p a g e )
H eat f l u x  a t  th e  s u r f a c e  ( c o n v e c t io n ,  r a d i a t i o n )
q (h ) H eat f l u x  a t  th e  b o t to m  ( c o n v e c t io n ,  r a d i a t i o n )
m
H eat f l u x  due t o  r e a c t i o n
i = l
Eq. ( 3 .9 8 )  can  be w r i t t e n  a s :
PCP
[ M T S I  + S f f m a  +  s i i e v f i  a ( Dk 2 1 )
L dt dx dy J dx V  x dx y
(3 .9 9 )
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E q u a t io n  ( 3 .9 9 )  i s  th e  v e r t i c a l l y  a v e ra g e d  e n e rg y  t r a n s p o r t  
e q u a t i o n .  I t  i s  a  second  o r d e r ,  p a r a b o l i c ,  p a r t i a l  d i f f e r e n t i a l  e q u a ­
t i o n ,  and i t  c o n s t i t u t e s  th e  E n erg y  T r a n s p o r t  M odel.
S in k s  and S o u rc e s  f o r  th e  
E nergy  T r a n s p o r t  Model
To o b t a i n  t h e  s i n k s  and s o u r c e s  te rm s  f o r  th e  E nergy  T r a n s p o r t  
M odel, s u r f a c e  b a l a n c e s  c a n  be p e r fo rm e d  a t  th e  w a te r  s u r f a c e  and a t  
th e  b o tto m  o f  th e  b a y .  An e n e rg y  b a l a n c e  a t  t h e  s u r f a c e  c a n  be o b ­
t a i n e d  by i n t e g r a t i n g  th e  e n e rg y  e q u a t i o n ,  Eq. ( 3 . 6 1 ) ,  a c r o s s  th e  
s u r f a c e  from z ( i n  th e  w a te r )  t o  z *  ( i n  th e  a i r ) .  The f i n a l  r e s u l t  
i s  o b t a i n e d  by t a k i n g  th e  l i m i t  a s  Az = (z -  z ) goes  t o  z e r o .
S i m p l i f y i n g  Eq. ( 3 .6 9 )  on th e  b a s i s  o f  r e s t r i c t i o n s  g iv e n  e a r l i e r  f o r
a  s h a l lo w  e s t u a r i n e  bay  g i v e s :
* A A -V 1+ t a _ l + t  1+t
TdH . BH 3H . BHl r 8qx , y , qz 1  ^
P L3F + U a ^ " v a7 + W a d  = " l ~ b T  a T  + “ s i j  <3 - 100>
P e r fo rm in g  th e  i n t e g r a t i o n  g i v e s :
+  z +
r. BH ,W —  dz = 3zz
pz r  BH BH dtfl rz
p J -  L5 t  " 5  ’ y  dz  +  o j
+ .  1+ t .  1+t +  l + t
z  rd q  39 -i z
i - [ - £ -  + H - J-
z rS  9qv 1 z  Bq
1 *  —2—  dz - I dz ( 3 .1 0 1 )
ay J V  3z
The above  can  be w r i t t e n  i n  te rm s  o f  a v e ra g e  v a l u e s ,  u s in g  th e  mean 
v a l u e  th e o re m ,  a s :
" B l+ u S +v IS I2- dz + pw Jz- H i z  ‘
(3.102)
5P e r fo rm in g  th e  i n t e g r a t i o n ,  t a k i n g  t h e  l i m i t  a s  Az goes  t o  z e r o ,  and 
r e a r r a n g i n g  g i v e s :
pw(H+ -  H") +  q+  = q" (3 .1 0 3 )
The te rm s  on th e  l e f t - h a n d  s i d e  r e p r e s e n t  t h e  n e t  e n e rg y  a r r i v i n g  a t  th e
i n t e r f a c e  on th e  a i r  s i d e ,  and th e  te rm  on th e  r i g h t - h a n d  s i d e  r e p r e ­
s e n t s  t h e  n e t  e n e rg y  l e a v i n g  a t  t h e  i n t e r f a c e  from th e  l i q u i d  s i d e .
Each o f  t h e s e  te rm s  w i l l  now be d i s c u s s e d  i n  d e t a i l .
The f i r s t  te rm  on th e  l e f t - h a n d  s i d e  o f  th e  above  e q u a t i o n  r e p r e ­
s e n t s  t h e  n e t  c o n v e c t i v e  and  e v a p o r a t i v e  e n e rg y  t r a n s f e r  to  th e  s u r f a c e .  
I t  c a n  be w r i t t e n  a s :
pw(H+ -  H") -  [R-Ev](H+  -  H")p (3 .1 0 4 )
A+
w here  pR(H -  H ) r e p r e s e n t s  th e  c o n v e c t i v e  e n e rg y  t r a n s f e r  to  th e
A*f" An
i n t e r f a c e  a s s o c i a t e d  w i t h  th e  r a i n f a l l  and  pEv(H -  H ) i s  t h e  c o n v e c t iv e  
and  e v a p o r a t i v e  e n e r g y  a s s o c i a t e d  w i t h  w a t e r  b e i n g  v a p o r i z e d  a t  t h e  s u r ­
f a c e ,  i . e . ,
pR(H+  -  H") -  pCp (Ts -  TR a in )R (3 .1 0 5 )
pEv(H+ -  H“ ) -  [X +  Cp (Tg -  Ta i r )]pEv = qev  (3 .1 0 6 )
Where Tg i s  t h e  t e m p e r a t u r e  o f  t h e  i n t e r f a c e .  The r a i n f a l l  r a t e ,  R, i s  
a  s p e c i f i e d  i n p u t ,  known from r e c o r d s  o r  s t a t i s t i c a l l y  s i m u l a t e d .  The
e v a p o r a t i o n  r a t e ,  Ev, i s  e v a l u a t e d  e m p i r i c a l l y  (C a l la w a y ,  e t  a l . , (R ef .
3 . 4 ) :
Ev = Nw(e -  e ) ( 3 .1 0 7 )
S a
Where N i s  an  e m p i r i c a l  e v a p o r a t i o n  c o e f f i c i e n t ,  and e i s  t h e  p a r t i a l
- 7  2p r e s s u r e  o f  w a te r  v a p o r .  A v a l u e  o f  5*10 f t  / l b  , r e p o r t e d  by0!
C a l la w a y  ( 3 . 4 ) ,  w i l l  be u s e d  i n  t h i s  s t u d y .  The v a p o r  p r e s s u r e
te rm s  a r e  com puted  u s i n g  t h e  C l a s i u s - C l a p e y r o n  e q u a t i o n .  C a l la w a y ,
e t .  a l .  ( R e f .  3 . 4 )  r e p o r t s  t h e  f o l l o w i n g  e q u a t i o n s  w hich  w ere  u se d
*
i n  t h i s  s t u d y .
e  => 2 . 1718*108 exp ( - 4 1 5 7 . 0 / ( T  - 3 4 . 0 7 ) )  (3 .1 0 8 )S 8
e -  2 . 1718*108 exp ( - 4 1 5 7 . 0 / ( T  -  3 4 . 0 7 ) )  -3 S
Pa (Ta " TwB) ( 6 *6 * 10~4 +  7 *59 * 10"7 (TwB " 273*16>>
(3 .1 0 9 )
The seco n d  te rm  on th e  l e f t - h a n d  s i d e  o f  Eq. (3 .1 0 3 )  r e p r e s e n t s  
n e t  e n e rg y  t r a n s f e r  t o  t h e  i n t e r f a c e  by c o n v e c t io n  and  r a d i a t i o n .  I t  
c a n  be  w r i t t e n  a s :
q qc +  qn e t  r a d i a t i o n  t o  t h e  s u r f a c e  (3 .1 1 0 )
The h e a t  t r a n s f e r r e d  by c o n v e c t io n ,q c » c a n  be c a l c u l a t e d  from  th e  h e a t  
t r a n s f e r  by  e v a p o r a t i o n  u s i n g  t h e  Bowen r a t i o  (R ef .  3 . 4 ) :
qc = XEvpB (3 .1 1 1 )
The Bowen r a t i o  i s  d e f i n e d  a s  t h e  r a t i o  o f  t h e  h e a t  t r a n s f e r  by c o n v e c ­
t i o n  to  t h a t  by e v a p o r a t i o n  and  i s  g iv e n  by:
B -  6 .1  *  1 0 - * , .  £ = £ ]  (3 .1 1 2 )
The n e t  r a d i a t i v e  h e a t  t r a n s f e r  t o  t h e  s u r f a c e  i s  b e s t  v i s u a l i z e d  
by  e x a m in in g  F i g .  3 . 3 .  I t  i s  t h e  a l g e b r a i c  sum o f  th e  s o l a r  r a d i a t i o n ,  
q ( s o l a r  r a d i a t i o n ) ;  t h e  r e f l e c t e d  r a d i a t i o n ,  q ( r e f . ) ;  t h e  r a d i a t i o n  
r e f l e c t e d  b a c k  from c l o u d s ,  e t c . ,  q ( b a c k  r a d i a t i o n ) ;  and s u r f a c e  r a d i a ­
t i o n ,  qw.
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qn e t  r a d i a t i v e  = q s o l a r  +  qb a c k  qw qr e f  ( 3 .1 1 3 )
t r a n s f e r  t o  s u r f a c e  r a d i a t i o n  r a d i a t i o n
The s o l a r  r a d i a t i o n  i s  a n  e x p e r i m e n t a l l y  d e t e r m in e d  v a r i a b l e  f o r  t h e  
a r e a  u n d e r  s t u d y .  F o r  th e  r e f l e c t e d  r a d i a t i o n ,  i t  i s  n e c e s s a r y  e i t h e r
to  d e t e r m in e  t h i s  v a l u e  e x p e r i m e n t a l l y  o r  t o  e s t i m a t e  i t .  T h is  i s  a l s o
t h e  c a s e  f o r  t h e  b a c k  r a d i a t i o n ,  w h ich  d e p e n d s  on t h e  c lo u d  c o v e r .
The s u r f a c e  r a d i a t i o n  c a n  be  com puted i f  t h e  e m i s s i v i t y ,  6 ,  o f  th e  
s u r f a c e  i s  known by  t h e  u s e  o f  t h e  S te f a n -B o l tz m a n n  law , w h ich  i s :
q = €ctT_4 (3 .1 1 4 )w B
A t y p i c a l  v a l u e  o f  t h e  e m i s s i v i t y  i s  0 .9 7  a s  r e p o r t e d  by C a l la w a y ,  e t  a l . 
(R ef .  3 . 4 ) .
M easurem ent o f  t h e  t o t a l  s o l a r  r a d i a t i o n ,  w h ich  i s  t h e  sum o f  q 
( s o l a r  r a d i a t i o n )  and q ( b a c k  r a d i a t i o n ) ,  i s  u s u a l l y  p e r fo rm e d  w i t h  a 
p y ro m e te r  (Adams, 1 9 7 0 ) .  T h i s  sum i s  c a l l e d  q ( r a d ) .  Eq. (3 .1 1 0 )  c a n  be
com bined w i t h  Eq. ( 3 .1 1 3 )  t o  g i v e :
« +  ‘  %  +  ’ r a d  '  " r e f  '  %  ( 3 ' U 5 )
The te rm  q o f  Eq. ( 3 .1 0 3 )  i s  th e  same a s  t h e  te rm  q (L )  o f  Eq.
( 3 . 9 8 ) .  T hus , c o m b in in g  Eq. ( 3 .1 0 3 )  w i t h  E qs .  ( 3 . 1 0 5 ) , ( 3 . 1 0 6 ) ,  ( 3 .1 1 1 ) ,
( 3 .1 1 4 ) ,  and  ( 3 .1 1 5 )  t h e  e q u a t i o n  f o r  t h e  s u r f a c e  e n e rg y  b a l a n c e  i s  
o b t a i n e d .
q (L )  = pCp (T-TR a in )R +  [X +  Cp (T-Ta l r ) ] Evp +
(3.116)
A Ev p B +  q r a d  -  q r e f  -  GaTs 4
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The above  e q u a t i o n  r e p r e s e n t s  t h e  b o u n d a ry  c o n d i t i o n  t h a t  c o u p l e s  th e  
e n e rg y  t r a n s f e r  a t  t h e  a i r - w a t e r  i n t e r f a c e  t o  th e  d i f f e r e n t i a l  e q u a t i o n  
t h a t  d e s c r i b e s  t h e  e n e rg y  t r a n s f e r  i n  th e  e s t u a r i n e  body o f  w a t e r ,  Eq.
( 3 . 9 8 ) .  A s i m i l a r  a n a l y s i s  c a n  b e  c o n d u c te d  t o  d e s c r i b e  th e  e n e rg y  
t r a n s f e r  a t  t h e  w a te r - b o t to m  i n t e r f a c e .
I f  a  s i m i l a r  a n a l y s i s  i s  p e r fo rm e d  by  i n t e g r a t i n g  t h e  e n e rg y  
e q u a t i o n  a c r o s s  th e  w a te r - b o t to m  i n t e r f a c e ,  i t  c a n  be  shown t h a t  th e  
f o l l o w i n g  e q u a t i o n  w i l l  be  o b t a i n e d :
i . e .  t h e r e  i s  o n ly  c o n d u c t io n  o f  e n e rg y  i n t o  th e  g ro u n d  from th e  w a t e r .  
E x p e r im e n ta l  v a l u e s  t a k e n  show t h a t  th e  c o n d u c t io n  o f  h e a t  a t  th e  
b o tto m  o f  t h e  bay  i s  n e g l i g i b l e .  T hese  e x p e r i m e n t a l  v a l u e s  a r e  shown in
A ppend ix  B.
S p e c i e s  T r a n s p o r t  Model
The m a t e r i a l s  t r a n s p o r t  m odel i s  o b t a i n e d  by  v e r t i c a l  i n t e g r a t i o n  
o f  t h e  s p e c i e s  c o n t i n u i t y  e q u a t i o n .  G iven t h e  s p e c i a l  e n v i ro n m e n t  o f  a 
s h a l l o w  e s t u a r i n e  b a y ,  a  b i n a r y  sy s te m  ty p e  e q u a t i o n  c a n  be  u s e d .  The 
r e a s o n  f o r  t h i s  i s  t h a t  due  t o  t h e  r e l a t i v e l y  low  c o n c e n t r a t i o n s  o f  m ost 
o f  th e  s p e c i e s  found  in  e s t u a r i n e  w a t e r ,  e a c h  s p e c i e s  d i f f u s e s  in d e p e n d ­
e n t l y  from o t h e r s .  C o n s e q u e n t ly ,  a  b i n a r y  d i f f u s i o n  c o e f f i c i e n t  c a n  
b e  u s e d ,  w here  w a te r  i s  one com ponent and  t h e  s p e c i e s  i n  q u e s t i o n  i s  t h e  
o t h e r .
B i r d ,  S t e w a r t ,  and  L i g h t f o o t  (R ef .  2 . 1 )  g i v e s  a s  th e  g e n e r a l  t im e -  
a v e r a g e d  t u r b u l e n t  s p e c i e s  c o n t i n u i t y  e q u a t i o n  i n  a  b i n a r y  s y s te m :
( 3 .1 1 7 )
op a —> ic —>
+  (V.PAv) = (V.pB W)a ) +  *A (3.118)
6^
* * la m in a r  , * t u r b
w here  BA = ®A ®A
A ssum ing  t h a t  c o n s t a n t  d e n s i t y  a p p l i e s ,  Eq. (3 .1 1 7 )  t r a n s f o r m s  t o :
Boa -* -*
+ (V.PAv )  = V B a  V PA +  rA (3 .1 1 9 )
E x p an d in g :
"S F  +  ^ <PAU> +  ^ < pAv > +  ^ < PA«>
(3 .1 2 0 )
A C S  0 ? £ )  +  A C b ^ )  + A C b
B z  V A j j  B xS  By \ \  B y y  Bz \ Bk z  Bz
Eq. (3 .1 2 0 )  i s  t h e  g e n e r a l  s p e c i e s  c o n t i n u i t y  e q u a t i o n  and c a n  be a p p l i e d  
t o  a s h a l l o w  e s t u a r i n e  b a y .  I n t e g r a t i n g  t h i s  e q u a t i o n  in  th e  v e r t i c a l  
d i r e c t i o n ,  i n  o r d e r  t o  o b t a i n  a  tw o - d im e n s io n a l  e q u a t i o n ,  r e s u l t s  i n :
Jh Dir+ £  (pAu > + ^  <pa v > +  £  <pA » > ] d * -
1„  ( ? AX i r )  +  i  (®AY ^ )  +  £  ( % z <“  +  Jh rAdz
(3 .1 2 1 )
A ssum ing  a  v e r t i c a l l y  u n ifo rm  v e l o c i t y  p r o f i l e ,  a s  was done w i th  th e  
e n e rg y  e q u a t i o n ,  and  a p p l y i n g  L e i b n i t z ' s  r u l e  t o  e a c h  te rm  in  Eq. (3 .1 2 1 )  
g i v e s :
»L
j ;  PAdz -  pA ( * . y . I - . t )  §  +  PA ( x , y , h , t )  H  (3 .1 2 2 )
h
(PAu )d z  -  £  u  £  PAd .  -  uPA ( x , y , L ,  t ) “  +  upA ( x , y , h ,  t )  ~  ( 3 .1 2 3 )
D e v e lo p in g  t h e  f i r s t  te rm  on th e  r i g h t  hand  s i d e  o f  Eq. (3 .1 2 6 )  by 
L e i b n i t z ' s  r u l e :
* ,  , Sh
(3 .1 2 7 )
(3 .1 2 8 )
D e v e lo p in g  t h e  f i r s t  te rm  on th e  r i g h t  hand s i d e  o f  Eq. (3 .1 2 8 )  by 
L e i b n i t z ' s  r u l e :
C i (
,L f t  ^  h BZ v  Az Bz
x ,  * 





^£aZ Bz (h) (3.130)
j  r Adz rAD (3 .1 3 1 )
I t  can  be n o te d  h e r e  t h a t  when th e  d i f f u s i o n  c o e f f i c i e n t  ( B ) i s  t a k e n  
t o  be in d e p e n d e n t  o f  d e p t h ,  i t  becomes a  d i s p e r s i o n  c o e f f i c i e n t  (B) 
by  d e f i n i t i o n .  S u b s t i t u t i n g  E q s .  (3 .1 2 2 )  th ro u g h  (3 .1 3 1 )  i n t o  
Eq. (3 .1 2 1 )  r e s u l t s  i n :
K  I  PAdz + i i  ° I  PAdz + £  V i  PAdz
PA(* ,y ,L ,«  [1  + u S  + v § ]  + PA<J['y*h. t > [ H  + v f j l  +
PA“ ( «  '  PA» 0 0  -  £  (» A X £  1  PAdZ -  K  pA C * . j M . . t>  f  +
n
(3 .1 3 2 )
SAx pA( - .y . i> . t )  f )  - l Ax + ®a x +
^ C BA Y ^ J h pAdz -  »AY P A < * . y . I . . t ) ^  + B AYPA ( x . y , h , t ) | ^ )  
*  dpA .  ,  SL *  SpA ,  . 9h , *  8PA , T.
ba y  ■5 r<z ’5'>L- t > ^  + BAy 1 7  < * . y . h . O ^  + BAz - 5 7  w  -
*  dpA —
BAZ 1T(h> +  r AD
D e f in in g  a v e r t i c a l l y  a v e ra g e d  c o n c e n t r a t i o n :
[L
h
and  r e a r r a n g i n g ,  Eq. (3 .1 3 2 )  becom es:
1 i
SA = D ' pAdz (3 .1 3 3 )
H  <DSA> <"dsa> <vdsa> -  [ f j  *  v f j
+ PA ( x , y , h , t )  [ §  +  u | |  +  v | > l  +  PAw (L) -  PAw (h)  -
-S /'n  5 (DSa K  , 9 5(DSA ^  JL(& o / t 3 1 :^ 4 .
dx-.. AX Sx J  9y V AY ^y >  ” 3x V?Ax A ^ . y . L . O ^  ;
(3 .1 3 4 )
a  n / U *  BpA . _ . N BL * apA ,  , A ah^ C B A x PA ( x , y , h , t ) - ; -  BA x —  (x , y , L , t ) - + BAx — ( x , y , h , t ) - -
^  (® ay  pa  ( x . y . i , t )  § * )  + ^  ( » a y pA ( » . y . h , t )  & ) .  -  l Ay ( x . y . L , t )  | ^  + 
®AY ^  ( x . y . h . t ) ^  + l Az ^  ( I )  -  i Az ^ - ( h )  +  rAD
S u b s t i t u t i n g  Eqs. ( 3 .4 )  and  ( 3 .5 )  i n t o  Eq. ( 3 .1 3 4 )  and  n e g l e c t i n g  th e  
h i g h e r  o r d e r  d i f f u s i v e  te rm s  g i v e s :
d ( PSA> d(UPSA) . 9(VDSA> _ _B_ (  u  SSAN _B_ 5® A ^ +
S t  Sx By Bx V  AX B xy By V  AY By ./
( 3 .1 3 5 )
; • SpA SpA _  -i
L®AZ I T  <L> -  ®AZ "S T  <h > -  PA«<L> +  PAu <h > +  r AD J
The te rm s  i n  b r a c k e t s  i n  t h e  p r e v i o u s  e q u a t i o n  r e p r e s e n t  the s inks and sources 
of s p e c ie s  A. T hese  s i n k s  and so u rce s  tak e  in to  a c c o u n t  c o n v e c t io n  and
d i f f u s i o n  th ro u g h  th e  a i r  and  b o t to m  s u r f a c e s ,  and c h e m ic a l  r e a c t i o n s .  
Eq. (3 .1 3 5 )  can  be w r i t t e n  a s :
d(PSA) d(UPSA ) d(VPSA)
d t  dx +  3y • "  £  (dba ( DBAy ^ 0  + SSA
( 3 .1 3 6 )
Eq. (3 .1 3 6 )  i s  th e  v e r t i c a l l y  a v e ra g e d  s p e c i e s  t r a n s p o r t  e q u a t i o n .  
Note th e  s i m i l a r i t y  t o  th e  e n e rg y  e q u a t i o n  Eq. ( 3 . 9 9 ) ,  Eq. (3 .1 3 6 )  shows 
d i f f u s i v i t y  can  be d i f f e r e n t  f o r  th e  x and y d i r e c t i o n s .  As s t a t e d  
b e f o r e ,  t h e s e  te rm s  a r e  o f t e n  r e f e r r e d  t o  a s  th e  d i s p e r s i o n  c o e f f i c i e n t s .  
A p p r o p r ia t e  d i s p e r s i o n  c o e f f i c i e n t s  a r e  u s u a l l y  o b ta in e d  by a d j u s t i n g  th e  
model t o  m atch  e x p e r i m e n t a l  d a t a  f o r  a  s p e c i f i c  l o c a t i o n .
S in k s  and S o u rc e s  f o r  
t h e  Mass T r a n s p o r t  Model
A s p e c i e s  b a l a n c e  a t  th e  s u r f a c e  can  be o b t a i n e d  by i n t e g r a t i n g  th e  
g e n e r a l  s p e c i e s  e q u a t i o n ,  Eq. ( 3 .1 1 8 ) ,  a c r o s s  t h e  s u r f a c e  from z" ( i n  
th e  w a te r )  t o  z+  ( i n  th e  a i r ) .  The f i n a l  r e s u l t  i s  o b t a in e d  by t a k i n g  
th e  l i m i t  a s  i z  = (z +  -  z  )  g o es  t o  z e r o .  The s p e c i e s  e q u a t i o n  f o r  a 
s h a l lo w  e s t u a r i n e  bay  i s  g iv e n  by  Eq. ( 3 .1 2 0 ) .  I n t e g r a t i n g  Eq. (3 .1 2 0 )  
a s  s t a t e d  g i v e s :
The above  can  be w r i t t e n  i n  te rm s  o f  a v e r a g e  v a l u e s  u s i n g  t h e  mean v a l u e  
th e o re m  a s :
+ +
(wpA)dz
( 3 .1 3 7 )
A ssum ing d i f f u s i v i t y  i s  n o t  a f u n c t i o n  o f  d e p t h ,  p e r f o r m in g  th e  i n t e g r a ­
t i o n ,  t a k i n g  th e  l i m i t  a s  Az goes  t o  z e r o ,  and r e a r r a n g i n g  g i v e s :
+
. Pa  ~ a
WPA -  »AZ - s r  -  " ’ a  - \ z ~ t  ( 3 - l3 9 )
The f i r s t  te rm  on th e  l e f t - h a n d  s i d e  o f  Eq. (3 .1 3 9 )  r e p r e s e n t s  t h e  con ­
v e c t i v e  s p e c i e s  f l u x  from th e  a i r  t o  th e  s u r f a c e .  The c o n v e c t i v e  f low  
i n  t h i s  c a s e  i s  due t o  r a i n f a l l  and e v a p o r a t i o n ;  so  t h i s  te rm  c a n  be 
w r i t t e n  a s :
WPA +  = wP(Ba +  -  P [R-Ev]a)A*  = ” P^v<*^ + (3 .1 4 0 )
F or  th e  e q u a t i o n  r e p r e s e n t i n g  th e  b a l a n c e  o f  w a t e r ,  t h e  mass f r a c t i o n ,
*‘s etlu a l  to  o n e 5 f o r  o t h e r  c a s e s ,  i t  i s  l e s s  th a n  o r  e q u a l  t o  o n e .  
However, i t  i s  p o s s i b l e  t o  t a k e  i n  a c c o u n t  t h e  c a rb o n  d i o x i d e  and oxygen 
d i s s o l v e d  i n  t h e  r a i n  w a t e r .
The second  te rm  o n th e  l e f t - h a n d  s i d e  r e p r e s e n t s  th e  d i f f u s i v e  s p e c i e s  
f l u x  from the a i r  to  th e  s u r f a c e .  T h is  te rm  can  be w r i t t e n  i n  te rm s  o f  a
mass t r a n s f e r  c o e f f i c i e n t  K. a s :A
Ba7 = M c a* " c a e ) = j a ( 3 . 141)Z dz A A A, s u r f a c e  A
The te rm s  on the  r i g h t - h a n d  s i d e  o f  Eq. (3.139) a r e  te rm s  found  in  th e  
Mass T r a n s p o r t  M odel. The f i r s t  te rm  on t h e  r i g h t - h a n d  s i d e  o f  Eq.
( 3 .1 3 9 ) ,  wP^ i s  e q u i v a l e n t  t o  th e  te rm  P^w(L) i n  Eq. ( 3 . 1 3 5 ) ,  and  th e
second  te rm ,  B^ (d P ^ /d z )  , i s  e q u i v a l e n t  to  BA7 ( S P ^ ( L ) / a z )  i n  Eq.
( 3 .1 3 5 ) .  E qs .  ( 3 .1 4 0 )  and ( 3 .1 4 1 )  r e p r e s e n t  th e  s o u r c e  an d  s i n k  te rm s  
t h a t  c o u p le  t h e  mass t r a n s f e r  a t  th e  a i r - w a t e r  i n t e r f a c e  t o  th e  d i f f e r ­
e n t i a l  e q u a t i o n  t h a t  d e s c r i b e s  t h e  m ass t r a n s f e r  i n  t h e  e s t u a r i n e  b a y ,  
Eq. ( 3 .1 3 6 ) .
I f  a  s i m i l a r  a n a l y s i s  i s  p e r fo rm e d  by i n t e g r a t i n g  t h e  s p e c i e s  
c o n t i n u i t y  e q u a t i o n  a c r o s s  t h e  w a t e r  b o t to m  i n t e r f a c e ,  i t  c a n  be  shown 
t h a t  th e  f o l l o w i n g  e q u a t i o n  w i l l  be o b t a i n e d :
9 Pa+
®Az Bz "  BaZ “ i z ”  +  rA. b o t to m  (3 .1 4 2 )
The mass t r a n s f e r  o c c u r r i n g  a t  t h e  b o t to m  i s  due t o  d i f f u s i o n  and  b o t to m  
c h e m ic a l  r e a c t i o n .  Due t o  th e  e x i s t i n g  c o n d i t i o n s  a t  th e  b o t to m  o f  t h e  
e s t u a r i n e  body  o f  w a t e r ,  t h e  e v a l u a t i o n  o f  t h i s  d i f f u s i v e  and  r e a c t i v e  
te rm  i s  c o n v e n i e n t l y  e v a l u a t e d  w i t h  a  mass t r a n s f e r  c o e f f i c i e n t  a s  
u se d  i n  t h e  s u r f a c e  b a l a n c e .  The b o t to m  r e a c t i o n  phenomenon i s  t h e  n e t  
p r o d u c t i o n  o f  s p e c i e s  a s s o c i a t e d  w i th  m i c r o b i a l  a c t i v i t y  on  t h e  b o tto m  
o f  t h e  e s t u a r i n e  body  o f  w a t e r .  T h is  r e a c t i o n  phenomenon i s  d e s c r i b e d  
by e m p i r i c a l  r a t e  e q u a t i o n s .  T hese  e m p i r i c a l  r e l a t i o n s h i p s  f o r  th e  
b o t to m  mass t r a n s f e r ,  th e  b o t to m  r e a c t i o n  phenomenon, and  a l s o  th e  s u r ­
f a c e  mass t r a n s f e r  a r e  d i s c u s s e d  i n  th e  l i t e r a t u r e .  (See R e f s .  2 . 1 1 ,  
3 . 4 ,  3 . 5 ,  and  3 . 6 ) .
Boundary  and  I n i t i a l  C o n d i t io n s
In  o r d e r  t o  o b t a i n  a  s o l u t i o n  t o  t h e  e q u a t i o n s  d e r i v e d ,  c e r t a i n  
b o u n d a ry  and  i n i t i a l  c o n d i t i o n s  a r e  n e c e s s a r y .  T hese  c o n d i t i o n s  a r e  
sum m arized  i n  T a b le  3 . 2 .
I n i t i a l  c o n d i t i o n s  a r e  r e q u i r e d  and r e a l i s t i c  ones  can  be 
g e n e r a t e d  by  s t a r t i n g  th e  b a y  " a t  r e s t "  and march in  t im e  f o r  s e v e r a l
TABLE 3 .2  






V, L a r e  e q u a l  t o  z e r o  
h av e  a  c o n s t a n t  s e t  v a l u e  
have  a  c o n s t a n t  s e t  v a lu e
v e l o c i t i e s  p e r p e n d i c u l a r  t o  th e  
b o u n d a r i e s  a r e  z e ro
BOUNDARY 3Ldx »  0 a t  th e  b o u n d a ry
CONDITIONS dL
By
= 0 a t  th e  b o u n d a ry
m
dx = 0 a t  t h e  b o u n d ary
dy
= 0 a t  t h e  b o u n d a ry
dT
dx = 0 a t  th e  b o u n d a ry
3 1
By
= 0 a t  th e  b o u n d a ry
3 1
dx = 0 a t  th e  b o u n d ary
BP
By
= 0 a t  th e  b o u n d a ry
T == TSEA a t  th e  e n t r a n c e s
P = PSEA a t  t h e  e n t r a n c e s
L ■ LSEA a t  t h e  e n t r a n c e s
7 2
t i d a l  c y c l e s .  F o r  th e  bay  " a t  r e s t " ,  a l l  v e l o c i t i e s  a r e  z e r o  and 
a l l  t i d a l  l e v e l s ,  t e m p e r a t u r e s ,  and s p e c i e s  c o n c e n t r a t i o n s  h av e  a 
c o n s t a n t  v a l u e .  The model can  th e n  be o p e r a t e d  u n t i l  a l l  d i s t u r ­
b a n c e s  due t o  t h e  u n r e a l i s t i c  i n i t i a l  c o n d i t i o n s  d i s a p p e a r .  Now, th e  
c a l c u l a t e d  bay  c o n d i t i o n s  can  be u se d  a s  an  i n i t i a l  c o n d i t i o n  f o r  
a n o t h e r  r u n .
The b o u n d a ry  c o n d i t i o n s  a p p ly  t o  t h e  open  and c lo s e d  b o u n d a r ie s  
o f  th e  b a y  u n d e r  s t u d y .  At t h e  c l o s e d  b o u n d a r i e s  a l l  t r a n s f e r  o f  
momentum, e n e r g y  and mass i s  s e t  t o  z e r o .  At th e  e n t r a n c e  t o  th e  
b a y ,  t h e  s e a  t i d a l  l e v e l ,  t e m p e r a tu r e  and s a l i n i t y  a r e  s p e c i f i e d  as  
a  f u n c t i o n  o f  t im e .  Thus i n f l u x  o f  w a t e r ,  t e m p e r a tu r e  and s p e c i e s  
c o n c e n t r a t i o n  a r e  d e te r m in e d  o r  can  be c a l c u l a t e d .
The H ydrodynam ic M odel, th e  E n e rg y  T r a n s p o r t  M odel, and th e  Mass 
T r a n s p o r t  Model e q u a t i o n s  a r e  sum m arized i n  T ab le  3 . 3 .  The s i n k s  and 
s o u r c e s  te rm s  f o r  th e  e n e r g y  e q u a t i o n  a r e  sum m arized in  T a b le  3 . 4 .  No 
s o u r c e s  and s i n k s  te rm s  a r e  needed  f o r  t h e  m o d e l in g  o f  s a l i n i t y .  The 
n e x t  c h a p t e r  w i l l  d i s c u s s  th e  n u m e r ic a l  s o l u t i o n  o f  t h e s e  e q u a t i o n s .
TABLE 3.3
EQUATIONS FOR THE OVERALL MODEL
HYDRODYNAMIC
ENERGY
au . .. au . .. au . aL .. . u(u2+v2 ) 1 /2  ..........
model a£  + D S  +  v a 7 '  FV +  g ^ ' x ‘  8 —  (3 - 59)
M  + u | V + y | V + F p +  | L  = Y . g m 2JShUl  ( 3 . 60)
. Bt Bx By 6 By DC2
m N S P 0 R I  pCp[M m  + + ^ D ky^  .  SSe = 0
MODEL (3 .9 8 )
mSS K p O  a("D0  < ™ 0  a-' asA-N h f  asA ^
IEANs p o r i ^  ^ ( d bay- ^ )  -  ssA = o
MODEL (3 .1 3 5 )
TABLE 3 .4  
ENERGY SOURCE AND SINK TERMS
Sky
R a d ia t io n
W ater  S u r fa c e  
R a d i a t i o n E v a p o ra t io n
S u r fa c e
C o n v ec t io n
Bottom
C o nduc t ion
E v a lu a te d  
E x p e r im e n ta l ly  
A pprox im ate  v a lu e  = 
0 .3 3 3  k c a l /m s * sec
qw = eaTs4 (3 .1 1 4 )
qev = ^ + c p (Tg -Ta )
(3 .1 0 6 )
Ev = NW(eg- e a ) (3 .1 0 7 )
qc = X Evp B (3 .1 1 1 )
B = (xl*10- 4 * (3 .1 1 2 )
„  fT a -T s^Pa i --------- !a Le - e a _i
’ b = - k b d £ ) b (3 - 117)
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CHAPTER IV
NUMERICAL IMPLEMENTATION OF 
THE TRANSPORT PHENOMENA EQUATIONS 
OF SHALLOW ESTUARINE BAY SYSTEMS
I n t r o d u c t i o n
In  o r d e r  to  s o lv e  t h e  e q u a t i o n s  d e r iv e d  i n  th e  p r e v io u s  c h a p t e r ,  
t h e  A l t e r n a t i n g  D i r e c t i o n s  I m p l i c i t  T ech n iq u e  ( R e f s .  4 .1  and  4 . 2 )  i s  
u s e d  b e c a u s e  i t  i s  c o n s id e r e d  th e  m ost s u i t a b l e .  The u se  o f  t h i s  t e c h ­
n iq u e  i n  t r a n s p o r t  phenomena e q u a t i o n s  f o r  s h a l lo w  e s t u a r i n e  bay sy s te m s  
was f i r s t  r e p o r t e d  by L e e n d e r t s e  (R e f .  2 . 9 )  f o r  a  hydrodynam ic  model 
o f  Jam aica  Bay, New Y ork . T h is  scheme was l a t e r  e x te n d e d  t o  i n c l u d e  
a  p o l l u t i o n  d i s p e r s i o n  model i n  t h e  same a r e a .  The n u m e r i c a l  t e c h ­
n iq u e  p r e s e n t e d  i n  t h i s  c h a p t e r  i s  d e r iv e d  from  th e  scheme u se d  by 
L e e n d e r t s e  i n  h i s  J a m a ic a  Bay M odel.
The f i r s t  p a r t  o f  t h i s  c h a p t e r  w i l l  p r e s e n t  th e  n u m e r i c a l  im p le ­
m e n ta t i o n  o f  t h e  Hydrodynam ic M odel. The second  p a r t  w i l l  p r e s e n t  
t h e  n u m e r i c a l  im p le m e n ta t io n  o f  t h e  E nergy  T r a n s p o r t  Model and  th e  Mass 
T r a n s p o r t  M odel. T hese  l a t t e r  two m ode ls  a r e  i n  i d e n t i c a l  m a th e m a t i ­
c a l  fo rm ; t h e r e f o r e ,  t h e  same a l g o r i t h m  a p p l i e s  t o  b o th  o f  them. The 
l a s t  p a r t  d e a l s  w i th  n u m e r i c a l  o p e r a t i o n s  t o  d e s c r i b e  s p e c i a l  c o n d i ­
t i o n s  i n s i d e  th e  c a l c u l a t i o n  g r i d .
F i n i t e  D ifferen ce  Approximation o f  the  
Hydrodynamic Model
In  o r d e r  t o  u s e  a  f i n i t e  d i f f e r e n c e  a p p r o x im a t io n  on th e  H ydrodynam ic 
M odel, t h e  v a r i a b l e s  a r e  p l a c e d  on a  sp a c e  s t a g g e r e d  g r i d ,  a s  shown i n  
F i g .  4 . 1 .  T h is  s p a c e  s t a g g e r e d  g r i d  was f i r s t  u se d  by P la tz m a n  (R e f .  2 . 5 ) .
/  /
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1 o 1 o 1
+ - +  -  +
' o ' o '
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j - 1  j  j+1
+ W ater  l e v e l  (L)
0 Depth (h )
-  U v e l o c i t y  (u )
1 V v e l o c i t y  (v )
F i g .  4 . 1 . S p a c e - s t a g g e r e d  scheme.
This gr id  i s  advantageous as  i t  a l lo w s  the num erical problem to  be 
placed in  a t r id ia g o n a l  m atrix form. The water l e v e l s ,  L, are lo ca ted  
a t  in te g e r  va lu es  o f  j and k , the dep th s , h , are s tored  a t  h a l f  in te g e r  
v a lu es  o f  j and k . The U v e l o c i t i e s  are lo c a te d  a t  h a l f  in te g e r  v a lu es  
o f  j and in te g e r  v a lu es  o f  k ,  and the V v e l o c i t i e s  are lo c a te d  a t  
in te g e r  va lu es  o f  j and h a l f  in te g e r  va lu es  o f  k.
The A lte r n a t in g  D irec t io n  I m p l ic i t  Technique works over the grid  
in  the fo l lo w in g  fash ion : the x-component o f  the equation  o f motion
and the c o n t in u ity  equation  are ap p lied  on a g iven  row and the r e s u l t in g  
equations are so lved  i m p l i c i t l y  for  the U v e l o c i t i e s  and the water
L, in  the g iven  row. The same procedure i s  fo llow ed  in  the next row, 
and so on, u n t i l  the whole f i e l d  under the g r id  i s  covered. With the  
i m p l i c i t l y  c a lc u la te d  v a lu es  o f  U and L, the V v e l o c i t i e s  can be ex ­
p l i c i t l y  c a lc u la te d  by u s in g  the c o n t in u ity  eq u ation . The f i e l d  then  
has been covered in  one d i r e c t io n .  The next s tep  a l t e r n a t e s  d ir e c t io n .  
Thus, the y-component o f  the equation  o f  motion and the c o n t in u ity  equa­
t io n  are ap p lied  on a g iven  column and the r e s u l t in g  equations are  
so lved  i m p l i c i t l y  fo r  the V v e l o c i t i e s  and the water l e v e l s ,  L, in  
the g iven  column. The same procedure i s  fo llow ed  in  the next column, 
and so on, u n t i l  the whole f i e l d  under the g r id  i s  covered . With the  
i m p l i c i t l y  c a lc u la te d  v a lu e s  o f  V and L, the U v e l o c i t i e s  o f  t h i s  second 
s tep  can be e x p l i c i t l y  c a lc u la te d  by using  the c o n t in u ity  equation .
When the two o p era tion s  mentioned above are combined, i t  i s  found that  
a l l  th e  unknowns (U v e l o c i t i e s ,  V v e l o c i t i e s  and water l e v e l s ,  L) 
have been c a lc u la te d  i m p l i c i t l y .  These two o p era tio n s  combine to  form 
a time s tep . The s o lu t io n  fo r  the next time s te p  i s  found by r e p e a t ­
ing t h i s  procedure.
In order to make the d e r iv a t io n  o f  the f i n i t e  d i f f e r e n c e  eq u ation s  
more manageable, the fo l lo w in g  "short hand" n o ta t io n  i s  used:
Fn =  Fn ( jA x ,k A y ,n A t )  ( 4 . 1 )
F^ =  l / 2{Fn [ (  j + l / 2 )Ax,kAy ,nA t]+ F n [ ( j - l / 2 ) A x ,k A y ,n ^ t ]}  ( 4 . 2 )
6x Fn“ i x  {Fn t ( j + l / 2 ) A x ,k A y ,n A t ] -F n [ ( j - l / 2 )A x ,kA y,nA t]}  ( 4 . 3 )
F ^ = l / 4 {Fn [ ( j + l / 2 ) A x , ( k + l / 2 )A y ,n A t ]  +  F j  ( j + l / 2 ) A x , ( k - l / 2 )Ay ,
nA t]  +  Fn [ ( j - l / 2 ) A t , ( k + l / 2 )A y ,n A t ]  +  Fn [ ( j - l / 2 ) A x , ( k - l / 2 )
* Ay,nAt]}  ( 4 . 4 )
\ / 2Fn ^ f t ^ Fn ^ A x ,k A y ,^n+1/r2^ t -^ " Fn t j ^ t , k A y , n A t ] }  ( 4 . 5 )
Fn + = Fn  Cj^x > k A y , ( n + l / 2 )  A t ]  ( 4 . 6 )
Fn  = Fn  [ jA x ,kA y , ( n - l / 2 ) A t ]  ( 4 . 7 )
F t / 2  =  1/2  [F  + F ] n  n+ n ( 4 . 8 )
Eqs. ( 4 . 2 ) and ( 4 . 3 ) are  shown fo r  x .  S im ila r  eq u ation s  can be 
w r it te n  for  y and t .
F i r s t  H a lf-t im e  Step  
As i t  was p rev io u s ly  mentioned, the f i r s t  h a lf - t im e  s te p  i s  used  
to  c a lc u la t e  the U v e l o c i t i e s  and the water l e v e l s .  The x-component 
o f  the equation  o f  motion o f  the Hydrodynamic Model,
! ?  + u t j  + v f ! - FV +  s i !  + 8 u« 2+ f  >1/2- x - 0 <9 - 9 >
D C
and the c o n t in u ity  eq u ation ,
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= R-Ev (4.10)
can  be  w r i t t e n  i n  f i n i t e  d i f f e r e n c e  fo rm . The f i n i t e  d i f f e r e n c e  form 
o f  t h e  x -com ponen t o f  th e  e q u a t i o n  o f  m o t io n  i s :
The r a i n f a l l  r a t e ,  R, and  e v a p o r a t i o n ,  Ev , a r e  n o t  i n c l u d e d  a t  t h i s  
t im e  b u t  th e y  a r e  an  i n t e g r a l  p a r t  o f  th e  n u m e r ic a l  t e c h n i q u e .  The 
e f f e c t s  o f  r a i n f a l l  and  e v a p o r a t i o n  a r e  i n c lu d e d  a t  t h e  end  o f  e v e ry  
h a l f - t i m e  s t e p  by c h a n g in g  th e  w a te r  l e v e l s  a p p r o p r i a t e l y .
E xpand ing  th e  above  e q u a t i o n  r e s u l t s  i n :
0 a t j + l / 2 , k , n
( 4 . 11)
t h e  f i n i t e  d i f f e r e n c e  fo rm o f  t h e  c o n t i n u i t y  e q u a t i o n  i s :
A t / 2  L + 6x^ ^ y+ ***) U+1 + SyC(h*+ I7 )V ] = 0 a t  j  , k , n
( 4 . 12)
_ 2 _  n + 1 /2  n
At CLj , k  '  Lj , k-  L“  t ) + C ( h , i tj + l / 2 , k + l / 2  + j + l / 2 , k - l / 2  + Lj + l , k
+  Lj , k ) Uj + l / 2 , k  (h j - l / 2  +  h j - l / 2 , k - l / 2
+ L n + 1 /2  ,  _ 1 _' j , ^  j - l / 2 , k  2 Ax j + l / 2 , k + l / 2 j - 1 / 2 ,  k + 1 /2
( 4 .1 3 )
,j , k ' '  j , k + 1 /2
Eq. ( 4 . 13 ) can  be r e w r i t t e n  a s :
n+ 1 /2  n + 1 /2  n + 1 /2  _ n
" j - 1 / 2  j - 1 / 2 , k  j , k  + r j + l / 2  j + 1 / 2 , k  j  ( 4 . 14)
i n  w h ich :
Ax = Ay ( 4 . 15 )
r j  —1 /2  = ( h j - l / 2 , k + 1 / 2  +  h j - l / 2 , k - l / 2  + Lj - l , k  
+  Ln  ) —j  j k  4Ax ( 4 . 16)
r j + 1 / 2  = ( h j + l / 2 , k + 1 / 2  +  h j + l / 2 , k - l / 2  + Lj + l , k
4. Ln j
ljj , k ' '  4 Ax ( 4 . 17 )
A1? = L ^ ,  + ( h . , /0 . 1 / 0 + h .  . / o l  . /0 +  L*? ,J J jk N J + 1 / 2 , k - 1 / 2  J - 1 / 2 , k - 1 / 2  j , k
+  Lj , k - 1 ) k - 1 / 2  ( 4 S r J " ( h j + l / 2 , k + 1 / 2  +  h j - 1 / 2 , k+1 /2
+  Ln  + Ln  'k vn  ( 4 . 18)
j , k + l  j , k  j , k + 1/2  ' 4Ax
The x -com ponen t  o f  t h e  e q u a t i o n  o f  m o t i o n ,  Eq .  ( 4 . 11) c an  be 
expanded  a s :
l _ ( in.+l/ 2  _ n - 1 / 2  . +  n jn - l / 2  _ . . n - 1 /2  .
At j + 1 / 2 , k  j + 1 / 2 , k  FV + (Uj + 3 / 2 , k  Uj - l / 2k )
n + 1 /2  J L _  , nn - 1 / 2  \ ^ ■ /Tn+ 1 /2
j + 1/ 2 ,k  2Ax +  j + 1/ 2 , k +1 " Uj + l / 2 , k - l ) 2Ax + CLj  l , k
( 4 . 19)
- n + 1 / 2  1 , n - 1 /2  n - 1 / 2 .  8 , / £ \ / | j n '*‘l / 2  , . . n - 1 /2  .j » k  + L J + l . k  L j , k  > 2 A *  +  ( 2 ) ( V l / 2 , k  +  V l / 2 , k )
* r /ITn - l / 2  . 2  . + 2 nl / 2  „ s
i + l / 2 , k  +  (V)  ^ -  x  = 0 a t j + 1 / 2 , k , n
(h*  +  I * )  (CX) 2 p O ^+ L * )
E q. ( 4 .1 9 )  can  be  r e w r i t t e n  a s :
n + 1 /2  / „ n + l / 2  , . n + 1 /2  n .- r . L .  + r . i 1 / 0 U . , 1 /0  , + r . , . L . f , , = B . 11/0 . ( 4 .2 0 )j  j , k  J + 1 /2  j + 1 / 2 , k  j+ 1  j + 1 ,k  j + 1 / 2 , k
i n  w hich :
gAt
r j  “  r j + l  2Ax ( 4 .2 1 )
/ = 1 . A t_ ,T. n - l / 2  TTn - 1 /2  .
j+ 1 /2  1 + 2Ax j + 3 / 2 , k  " j - 1 / 2 , k ;
^  [ <UW / 2 . k > 2 + <t ) 2 ] 1 / 2
(h7  + LX)(C X) 2 ( 4 .2 2 )
^ j + 1 / 2 , k  -  U" ; J / 2 , k  +  [ M t ' -  I S  « £ l / 2 , k + l  -  ° j « / 2 , k - l ) ]  *
At , , n - l / 2  Tn - l / 2 .  Tx At _
" * 2 &  QLj + l , k  '  Lj , k  '  +  p ^ + L * )
£A t n - 1 / 2  r (u n - l / 2  . 2  +  2-.1/2 ( 4 . 23 )
2 j + 1 / 2 , k  j + l / 2  , k  +  (V) J
( j ?  + I X)(C X) 2
E q s .  ( 4 .1 4 )  an d  ( 4 .2 0 )  c a n  now be  s o lv e d  f o r  t h e  unknown v a l u e s  o f  th e  
U v e l o c i t i e s  and  w a te r  l e v e l s  on t h e  k t h .  row i f  b o u n d a ry  c o n d i t i o n s  
a r e  s p e c i f i e d  a t  b o th  en d s  o f  th e  row . T hese  b o u n d a ry  c o n d i t i o n s  can  
b e :  t h e  U v e l o c i t i e s  a t  b o th  e n d s ,  t h e  U v e l o c i t y  a t  one end and th e  
w a te r  l e v e l  a t  t h e  o t h e r  end o r  t h e  w a te r  l e v e l s  a t  b o th  e n d s .  I f
t h e r e  a r e  U g r i d  p o i n t s  i n  t h e  g iv e n  row ( j  = 1 , 2 , 3 , ................. N ) ,  E qs .
( 4 .1 4 )  and  ( 4 .2 0 )  c a n  be  p l a c e d  i n  m a t r i x  form  i n  w hich  th e  m a t r i x  w i l l  
be t r i d i a g o n a l  and  t h e  unknown v e c t o r  w i l l  have  (2N -2)  e l e m e n t s .  F or  
ex am p le ,  l e t  t h e  known b o u n d a ry  c o n d i t i o n s  be ^  and  Un + jy 2  ^5 th e n  
th e  sy s te m  o f  e q u a t i o n s  t h a t  r e s u l t  c an  b e  w r i t t e n  i n  m a t r i x  form  a s :
r 1+1/2 r 2
" r l + l / 2  1 r 2+1/2
” r 2 r 2 + l /2  r 3
- r 2 + 1 /2  1 r 3 + 1 /2
- r n - l r n - l / 2  r r
- r n - 1 / 2
U1 + 1 /2 ,k 
2 ,k
2 + 1 /a ,k  
b3 , k
U
Un - 1 / 2 , k  
Jn , k
Bl + l / 2 + r l Ll , k
B2+ 1/2
B
1 (4 .2 4 )
n - 1 / 2
n  r n + l /2 ^ n + l /2  ,k
I f  th e  b o u n d a ry  c o n d i t i o n s  a r e  U^+ | y 2 k  an<* Un + l / 2  k ’ t *ien  t *ie  r e ' 
s u i t i n g  m a t r i x  s y s te m  i s :
•r l  r 2
0 1 r 2+ 1 /2
~r 2 r 2 + l /2  r 3
r 2 + l / 2  1 r 3 + l / 2
■r , r  i /o r  n - 1  n - 1 / 2  n
’ r n - l / 2  1
■" 1 —“ 
Ll , k Bl + l / 2 ' r l + l / 2 Ul + l / 2  ,l<
L2 ,k A2+ r l + l / 2 Ul + l / 2 , k
U2 + l / 2 , k
L3 , k
B2 + l /2
A3
= ( 4 .2
Un - l / 2 , k Bn - l / 2
Bn , k An~ Xn + l / 2 Un + l / 2 , k
T h u s ,  by know ing t h e  v a l u e s  o f  w a te r  l e v e l s  a t  t h e  t im e  l e v e l  n ,  t h e  
V v e l o c i t i e s  a t  t im e  l e v e l  n ,  t h e  U v e l o c i t i e s  a t  t im e  l e v e l  n - 1 / 2  and
th e  b o u n d a ry  c o n d i t i o n s  a t  t im e  l e v e l  n  +  1 / 2 ,  t h e  v a l u e s  o f  w a te r  l e v e l s  
and  U v e l o c i t i e s  f o r  th e  n + 1 / 2  l e v e l  c a n  b e  c a l c u l a t e d  by  a p p l y i n g  
th e  Thomas A lg o r i th m  to  t h e  t r i d i a g o n a l  m a t r i x .  The v a l u e s  a r e  o b t a i n e d  
f o r  t h e  w hole  g r i d  a s  th e  above  c a l c u l a t i o n  i s  r e p e a t e d  f o r  a l l  t h e  ro w s .
Once a l l  t h e  rows have b e e n  s w e p t ,  t h e  f i r s t  h a l f - t i m e  s t e p  f o r  
th e  h yd rodynam ics  h a s  b een  c o m p le te d .  The seco n d  h a l f - t i m e  s t e p  
f o l l o w s .
Second H a l f - t i m e  S te p  
I n  t h e  seco n d  h a l f - t i m e  s t e p ,  ( n  + l / 2 ) t  t o  (n  +  l ) t ,  t h e  V v e l o ­
c i t i e s  and th e  w a te r  l e v e l s  a r e  c a l c u l a t e d .  The y -com ponent o f  th e  
e q u a t i o n  o f  m o t io n  o f  th e  H ydrodynam ic M odel,
| g + l l g  + g |  + FB + g|  + 8Y(«i±y2^ 2 - Y . 0 (4.26)
DC
and  th e  c o n t i n u i t y  e q u a t i o n ,
| i  + a i m  +  a i m a .  B. E
o t  ox oy v  ( 4 .1 0 )
c a n  be  w r i t t e n  i n  f i n i t e  d i f f e r e n c e  fo rm .  The f i n i t e  d i f f e r e n c e  form 
o f  t h e  y - d i r e c t i o n  e q u a t i o n  o f  m o t io n  i s
6 V + F $  +  i s  +  V 6V7  +  g 6yLC +
X ( 4 .2 7 )
( V - ) 2 ] 1 /2  - __ l | ________  -  0 a t  j , k + 1 / 2 , n + 1 / 2
( h *  +  F h c V  p ( h * +  7 )
The ab o v e  e q u a t i o n  c a n  be  expanded  a s :
81
J L  ( _ W* \ 4. •p'T^T 4. / _ \j^ \ P
At j , k + l / 2  j , k + l / 2  +  tU  +  j + l , k + l / 2  Vj - l , k + l / 2 ;  2Ax
. n  _ Vn  ^ \7n+1 1 4. /•Tn+1 Tn+1
j , k + 3 / 2  j , k - l / 2  j , k + l / 2  2Ax  ^ j  , k + l  j , k  
+ Lj , k + 1  ‘  Lj , k ) +  ( 2 ) ( ' ^ t k + l / 2 +V^ . k + l / 2 ) [(it ' |2+  (V° k + 1 / , ? ] 1 /2
(h* + 5 7 ) ( C y ) 2
Ty 0 a t  j , k + l / 2 , n + 1 / 2  (4 .2 8 )
’ P(h* + 17)
Eq. ( 4 .2 8 )  can  be  r e w r i t t e n  a s :
n+1 / n+1 n + 1 /2
" k  Lj , k  +  rk+1/2^ + 1 /2  +  rW l L3 , W  = Bj ,k + l / 2  ( 4 .2 9 )
i n  w h ich :
_ gAt
r k  r k + l  2 Ax ( 4 .3 0 )
r k + l / 2  ’  1 +  l f e < ^ , k - 3 / 2- V5 , k - l / 2 >+ * T  t ( b 2+^ . k+U 2 ^ 1 / 2
( 4 - 3 1 )
Bj , k + X / 2  "  V) , k + l / 2  +  ^ ‘ FA t"'2At(Vj + l . k + l / 2 ‘ Vj - l , k + l / 2 ' ) - ^  "
_s
At /Tn  xn  % ^  y At
8 0  A v ( k  4 1, I ■1 “  ^ 4  1, )>2ta j , k + l  j  »k p ( k * +57)
( 4 .3 2 )
* f  ^ . k 4 1 / 2 [ < ^ 2 +  ^ . k + i / 2 > ^ 1 /2  
(h*  +  F x ^ ) 2
The f i n i t e  d i f f e r e n c e  fo rm  o f  t h e  c o n t i n u i t y  e q u a t i o n  f o r  t h e  seco n d  
h a l f - t i m e  s t e p  i s :
At / 2 L +  6x t ( ^  +  +  6y ^ (h X+Ly )V+ ] = 0 a t  j , k , n + 1 / 2  ( 4 .3 3 )
As i t  was done i n  t h e  p r e v io u s  h a l f - t i m e  s t e p ,  t h e  r a i n f a l l  and  e v a p o r a ­
t i o n  ch a n g e s  a r e  i n c lu d e d  a t  th e  end o f  th e  c a l c u l a t i o n s  by c h a n g in g  
th e  w a te r  l e v e l s  a p p r o p r i a t e l y .  E x p a n s io n  o f  Eq. ( 4 .3 3 )  r e s u l t s  i n
2 _ ,  n+1 n + 1 /2 .  r . .  n + 1 /2
At j , k  " j , k  j + l / 2 , k + l / 2  j + l / 2 , k - l / 2  j + l , k
n + 1 /2 .  j i+ 1 /2  . n + 1 /2
j  ,k  ;  j + l / 2 , k  "  ^ j - l / 2 , k + l / 2  j - l / 2 , k + l / 2  j  , k + l
, , n + l / 2 .  n + 1 /2  -1 1 r , ,  , .
j 5k  ;  j - l / 2 , k  2Ax +   ^ j + l / 2 , k + l / 2  h j - l / 2 , k + l / 2
+ L?+^ 2 +  L™+} / 2 )  V?+ * . - (h  /t> . 1 /9  ( 4 .3 4 )J , k + l  j  ,k  7 j  , k + l / 2  v j + l / 2 , k - l / 2
, . , Tn + 1 /2  n + 1 /2 .  jci+1 n 1 _ n
+ j - l / 2 , k - l / 2  +  Lj , k  +  j , k - l  j , k - l / 2  2Ax
The above  e q u a t i o n  c a n  be  a l s o  w r i t t e n  a s :
j i+ 1 n+1 ii+1 _ .n + 1 /2
” r k - l / 2  j , k - l / 2  j , k  r k + l / 2  j , k + l / 2  \  ( 4 .3 5 )
i n  w h ich :
,, , . . , n + l / 2  n + 1 /2 .  At
r k - l / 2  j - l / 2 , k + l / 2  j - l / 2 , k - l / 2  j , k - l  j , k  ; 4Ax
( 4 .3 6 )
(U 4- h + Tn+ l / 2
r k + l / 2  n j + l / 2 , k + l / 2  + j - l / 2 , k + l / 2  j , k + l
+ lS / 2 )  I s  ( 4 - 37)
. n + l / 2 _  n + 1 /2  . n + 1 /2
k j , k  + Chj + l / 2 , k + l / 2  +  j - l / 2 , k - l / 2  + Lj , k
n + 1 /2 .  „ n + l / 2  , At . .. .
+  j - l , k '  j - l / 2 , k  4Ax " j + l / 2 , k + l / 2  j + l / 2 . k - l / 2
+ + Ln \ 1 / 2 ) U ?*M 2 , ( | t- )  ( 4 . 3 8 )j + l , k  j , k  '  j + l / 2 , k  v4Ax
E q s .  ( 4 .2 9 )  and  ( 4 . 3 5 )  c a n  now be  s o lv e d  f o r  t h e  unknown v a l u e s  o f  th e  
V v e l o c i t i e s  and  w a te r  l e v e l s  on t h e  j t h  column i f  b o u n d a ry  c o n d i t i o n s
a r e  s p e c i f i e d  a t  b o th  en d s  o f  t h e  co lum n. S i m i l a r  t o  th e  f i r s t - h a l f  
s t e p ,  t h e s e  b o u n d ary  c o n d i t i o n s  can  be th e  V v e l o c i t i e s  a t  b o th  e n d s ,  
t h e  w a te r  l e v e l  a t  one end and th e  V v e l o c i t y  a t  t h e  o t h e r  e n d ,  o r  
th e  w a te r  l e v e l s  a t  b o th  e n d s .  A g a in ,  t h e  r e s u l t i n g  sy s te m  o f  e q u a ­
t i o n s  can  be  p u t  i n  m a t r i x  fo rm . F o r  exam ple : i n  a  column w i t h  N
g r i d  p o i n t s  and  b o u n d a ry  c o n d i t i o n s  o f  L. , and  V. th e  m a t r i x  i sJ , 1  j , n + 1 / 2 ’
r 1+1/2  r 2 Vj ,1+ 1 /2 Bl + l / 2 + r l Lj , l
" r l + l / 2  1 r 2 + l /2 Lj  >2 A2
- r 2
/
r 2 + l /2  r 3 Vj ,2 + 1 /2 B2 + l /2
r 2 + l /2  1 r 3 + l / 2 Lj  >3 A3
r n - l  r n - l / 2  r n Vj  , n - l / 2 Bn - l / 2
- r n - l / 2  1 j , n An r n + l / 2 ^ j , n + 1 /2
___ ------ ------ — -------  ---------
T h u s ,  by know ing th e  v a l u e s  o f  w a te r  l e v e l s  a t  t h e  t im e  l e v e l  n + 1 /2 ,
th e  U v e l o c i t i e s  a t  t im e  l e v e l  n + 1 /2 ,  th e  V v e l o c i t i e s  a t  t im e  l e v e l  n 
and th e  a p p r o p r i a t e  b o u n d a ry  c o n d i t i o n s  a t  t im e  l e v e l  n+ 1 , t h e  v a l u e s  
o f  w a te r  and V v e l o c i t i e s  f o r  t h e  n+1 l e v e l  c a n  be c a l c u l a t e d  by 
a p p l y in g  th e  Thomas A lg o r i t h m  t o  t h e  t r i d i a g o n a l  m a t r i x .  The v a l u e s  
a r e  o b t a in e d  f o r  t h e  w hole  g r i d  a s  t h e  above  c a l c u l a t i o n  i s  r e p e a t e d  
f o r  a l l  t h e  co lum ns .
The c o m b in a t io n  o f  th e  f i r s t  h a l f - t i m e  s t e p  and  t h e  seco n d  h a l f -  
t im e  s t e p  r e s u l t  i n  t h e  i m p l i c i t  c a l c u l a t i o n  o f  t h e  v e l o c i t i e s  and 
w a te r  l e v e l s  i n  a  w hole t im e  s t e p .  The c a l c u l a t i o n  p r o c e e d s  a s  th e  
a b o v e  m e n t io n e d  s t e p s  a r e  r e p e a t e d .
Open End Boundary  C o n d i t io n s  
The f i e l d  o f  c o m p u ta t io n  h a s  t i d a l  e n t r a n c e s  a s  b o u n d a r i e s .  The 
v a l u e s  o f  th e  w a te r  l e v e l s  i n  t h e s e  t i d a l  e n t r a n c e s  a r e  known a s  a  
f u n c t i o n  o f  t i m e .  H ow ever, a s  t h e  open  s e a  i s  beyond t h i s  f i e l d  o f  
c o m p u ta t io n ,  t h e  h o r i z o n t a l  v e l o c i t i e s  o f  t h e  in co m in g  w a t e r s  i s  n o t  
known. I n  o r d e r  t o  c i r c u m v e n t  t h i s  p ro b le m , i t  i s  assum ed t h a t  th e  
a d v e c t i v e  te rm s  a r e  z e r o  a t  t h e  b o u n d a r i e s .  T h u s ,  i f  t h e  e n t r a n c e  i s  
i n  a  row i n  t h e  f i e l d  o f  c o m p u ta t i o n ,  t h e  x -com ponen t o f  t h e  e q u a t i o n  
o f  m o t io n ,  Eq. ( 4 . 1 1 ) ,  r e d u c e s  t o :
> 2 , , ± ^ 2 . 1 / 26fcU -  F$  +  $  6 0y+  g 6xLfc +  g U* [(U _) + ( $ )  ] ]
Tx
p o ? +  r 4)
(h 5^  L * ) ^ ) 2
= 0 a t  j + l / 2 , k , n  ( 4 .4 0 )
T h i s  e q u a t i o n  a p p l i e s  t o  t h e  g r i d  p o i n t s  r e p r e s e n t i n g  a  t i d a l  e n t r a n c e  
i n  t h e  x - d i r e c t i o n .  The same r e a s o n i n g  a p p l i e s  t o  t i d a l  e n t r a n c e s  i n  
t h e  y - d i r e c t i o n ;  w i th  t h e  y -com ponen t o f  t h e  e q u a t i o n  o f  m o t io n ,  e q .  
( 4 . 2 7 ) ,  r e d u c i n g  t o :
v +  Ft +  S  +  g 6 T 1 +  G ^ [ ( S ^ + C V J 2] 1^ 2V
(h*+  Ly )(C y ) 2
Ts
y = 0 a t  j , k + l / 2 , n + 1 / 2
P(h*+ 17)
( 4 .4 1 )
Eq. ( 4 .4 0 )  a lo n g  w i th  t h e  c o n t i n u i t y  e q u a t io n  i s  p l a c e d  i n  th e  sy s tem  
o f  e q u a t i o n s  i n  w hich  one o f  t h e  known boundary  c o n d i t i o n s  i s  t h e  t i d a l  
l e v e l .  Such sy s te m  i s  e x e m p la r i z e d  by th e  m a t r i x  ( 4 . 2 4 ) .  Only one 
ch an g e  i s  n e c e s s a r y  i n  t h e  m a t r i x  and  t h a t  i s  a  change  i n  th e  c o e f f i ­
c i e n t  f o r  th e  e q u a t i o n  i n  q u e s t i o n .  The a p p r o p r i a t e  v a l u e  o f  r j + -jy2
becom es:
r j + i / 2  ■ 1 + k >2+ < f r 2 ] 1 /2
,ry . rx s ,Trx. 2(h7 +  LX)(CX)^  ( 4 .4 2 )
The same p r o c e d u r e  a p p l i e s  t o  t i d a l  e n t r a n c e s  i n  th e  y - d i r e c t i o n .  Eq. 
( 4 .4 1 )  a lo n g  w i th  t h e  c o n t i n u i t y  e q u a t i o n  i s  p l a c e d  i n  th e  sy s te m  o f  
e q u a t i o n s  i n  w hich  one o f  t h e  known b o u ndary  c o n d i t i o n s  i s  t h e  t i d a l  
l e v e l .  Such s y s te m  i s  e x e m p la r i z e d  by th e  m a t r i x  ( 4 . 3 9 ) .  A g a in ,  th e  
c o e f f i c i e n t  '*'s m° d i f i e d  and becom es:
r k + l / 2  -  1 + ^  +  ^ , k + 1 /2 ) 2 ] 1 /2
(h*  + Ly )(C y ) 2 ( 4 ' 43 )
F i n i t e  D i f f e r e n c e  A p p ro x im a t io n  o f  t h e  
E n erg y  T r a n s p o r t  and  Mass T r a n s p o r t  M odels
The sp a c e  s t a g g e r e d  g r i d  shown i n  F i g .  4 .1  i s  a l s o  u s e d  f o r  th e  
f i n i t e  d i f f e r e n c e  a p p r o x im a t i o n  o f  th e  E nergy  T r a n s p o r t  and  Mass T r a n s ­
p o r t  M o d e ls .  S p e c i e s  c o n c e n t r a t i o n  and t e m p e r a t u r e  a r e  s t o r e d  a t  h a l f  
i n t e g e r  v a l u e s  o f  j  and  k ,  t h e  d i s p e r s i o n  c o e f f i c i e n t s  i n  th e  x -  d i r e c ­
t i o n  a r e  s t o r e d  a t  h a l f  i n t e g e r  v a l u e s  o f  j  and  i n t e g e r  v a l u e s  o f  k ,  
and t h e  d i s p e r s i o n  c o e f f i c i e n t s  i n  t h e  y - d i r e c t i o n  a r e  s t o r e d  a t  i n t e g e r  
v a l u e s  o f  j  and  h a l f  i n t e g e r  v a l u e s  o f  k .  The A l t e r n a t i n g  D i r e c t i o n s  
I m p l i c i t  scheme u s e d  i n  t h e  Hydrodynam ic Model i s  a l s o  u s e d  f o r  t h e s e
two m o d e ls .  The Mass T r a n s p o r t  and  E nergy  T r a n s p o r t  M odels a r e  s o lv e d  
s i m u l t a n e o u s l y  w i th  th e  Hydrodynamic M odel. T hese  m odels  a r e  o p e r a t e d  
upon a s  f o l l o w s :  a f t e r  th e  f i r s t  h a l f - t i m e  s t e p  f o r  t h e  Hydrodynamic
Model h a s  been  c a r r i e d  o u t ,  t h e  f i r s t  h a l f - t i m e  s t e p s  f o r  t h e  E nergy  
and  Mass T r a n s p o r t  M odels a r e  e x e c u te d .  As i t  was s t a t e d  b e f o r e ,  t h e  
m a th e m a t ic a l  o p e r a t i o n s  o f  t h e  E n erg y  and Mass T r a n s p o r t  M odels  a r e  
i d e n t i c a l .  They can  be  r e f e r r e d  t o  a s  t h e  S p e c i e s  T r a n s p o r t  Model o r  
STM. T h u s ,  i n  t h e  f i r s t  h a l f - t i m e  s t e p ,  STM i s  s o lv e d  i n  t h e  x - d i r e c -  
t i o n  f o r  ea c h  s p e c i e s  u n d e r  c o n s i d e r a t i o n .  N e x t ,  th e  seco n d  h a l f - t i m e  
s t e p  o f  t h e  Hydrodynamic Model i s  e x e c u te d  and  f o l l o w i n g  t h i s ,  th e  
seco n d  h a l f - t i m e  s t e p  o f  STM i s  e x e c u te d  i n  t h e  y - d i r e c t i o n  f o r  e a c h  
s p e c i e s  u n d e r  c o n s i d e r a t i o n .
F i r s t  H a l f - t i m e  S te p  
The f i r s t  h a l f - t i m e  s t e p  i s  u s e d  t o  c a l c u l a t e  t h e  s p e c i e s  c o n c e n ­
t r a t i o n  ( o r  t e m p e r a t u r e )  i m p l i c i t l y  i n  t h e  x - d i r e c t i o n .  The E nergy  
T r a n s p o r t  Model o r  th e  Mass T r a n s p o r t  M odel, E q s .  ( 3 .9 8 )  and  ( 3 .1 3 5 )  
c a n  b e  w r i t t e n  a s :
i iP D i ftiPupA . ,a.ipyp). .  a_ (DB agv _
d t  dx dy dx px dx
f -  (DB ~ )  - SS = 0  (4.44)dy py d y '  p v 7
i n  w hich  Dpx i s  e q u a l  t o  k /pC p f o r  t h e  E nergy  T r a n s p o r t  Model and  e q u a l  
t o  f o r  t h e  Mass T r a n s p o r t  M odel. P c a n  be e i t h e r  s a l i n i t y ,  t e m p e ra ­
t u r e  o r  any o t h e r  s p e c i e s ;  w h i le  Bpx  and  D a r e  t h e  d i s p e r s i o n  c o e f f i ­
c i e n t s  f o r  s a l t ,  e n e r g y ,  o r  o t h e r  s p e c i e s  u n d e r  c o n s i d e r a t i o n .  The 
f i n i t e  d i f f e r e n c e  fo rm  f o r  t h e  S p e c i e s  T r a n s p o r t  Model f o r  t h e  f i r s t  
h a l f - t i m e  s t e p  c a n  be  w r i t t e n  a s :
At / 2 [ P ( £  + L ) ]  + 6x C(hy+ LX)U+P^1 +  6 [ ( h S ^ V P 7 ] -
(4.45)
6 [(17+  L*)D 6 P ] -6  [ ( h x+ l 7 ) D  6 P]+(1\+L)SS = 0 a t  j , k , nx + px+ x x y p y y  P
Eq. ( 4 .4 5 )  c a n  b e  expanded  to :
[ p ^ / 2 r f  +  l^ / 2 > -  p” >k(S  +  L” > k)]  ^  -  [ ( i ; . l> k + i 5 >k
, . v ji+ 1 /2  , n+1/2 n+1/2 .
+ j - 1 / 2 , k - 1 / 2  j - 1 / 2 , k + 1 / 2  j - 1 / 2 , k  C j - l , k  j  ,k  '  "
/ . n  . *n . I . * . n11/2
j , k  j+1 ,k n + 1 / 2 ,k - 1 / 2  j + l / 2 , k + l / 2 ; Uj + l / 2 , k
* (Pn+y 2+ 77“  " . .+  l" . + h. /9 . . /9J>k j + l , k  J 4Ax v J , k -1  l , k  j - 1/ 2 , k - 1 /2
+  h - J _ i / o i  ,  i  / o ( p ”  u  i +  p ”  i  >  “  CL ”  1 . 1 +  L ”  1J + 1 /2 ,k - 1 /2  j ,k - 1 / 2  j , k - l  j , k  v j , k + l  j , k
+ h j - l / 2 , k + l / 2 + h j + l / 2 , k + l / 2 )Vj , k + l / 2 (P j , k + l +  Pj , k ) ]  4 to  +
r n + 1 /2  n + 1 /2  . , . n + 1 / 2
L(Lj - l , k  j , k  +  j - 1 / 2 , k - 1 / 2  j - l / 2 , k + l / 2  p x j - l / 2 , k
* <Pj t k / 2 - P" 7 k >  - (L”l ! [ 2+ Lj + ^ k  + h J+ l / 2 , k - l / 2 + V l / 2 , k + l /2>
* ° p x j + l / 2 , k  <P”7 k  - P" 7 2 >]C2 ( k ) 2 ]  +  C t t J , k - l  + LJ ,k  +
hj - l / 2 , k - 1 / 2  + hj + l / 2 , k - l / 2 ) Dp y j » k - l / 2 (Pj ,k "  Pj , k - 1 ) " (Lj , k
+ Lj , k + 1 + h j - l / 2 , k + l / 2 +  h j + l / 2 , k + l / 2 )Dp y j , k + i / 2 (P j , k + l
-  * 5 . ^ 2 7 = }  a  + ( i t  +  L” , k ) s s p j , k  ■ 0 <4 -4 6 >
e q .  ( 4 .4 6 )  h a s  o n ly  t h r e e  unknowns: P1?+? ' ^ ,  Pr!+ | ' ^  , and  .
3 J , k  j - l , k  j + 1 , k
T h e r e f o r e ,  t h e  e q u a t i o n s  f o r  a  g iv e n  row can  b e  p u t  i n  a  t r i d i a g o n a l  
fo rm . M u l t i p l y i n g  th r o u g h  by A t / 2 ,  Eq. ( 4 .4 6 )  c a n  b e  w r i t t e n  a s :
a  Pn + }/ ?  + b .  Pn+? / 2  + c  . P " t J / 2  = d .J J - l , k  j  j , k  j  j + l , k  j  ( 4 .4 7 )
i n  w hich :
a j  " (Lj - l , k +  Lj , k  + h j  l / 2 , k - l / 2 + h j - l / 2 , k + l / 2 ) Uj - l / 2 , k  
/At . . n + 1 / 2  n + 1 /2
8Ax " ( j - l , k  j , k  + h - 1/ 2 , k - 1 / 2  +  h j - l / 2 , k + l / 2 )
* ° p x j - l / 2 , k  *-4 (Ax)2  ^ ( 4 . 4 8 )
b j  = (h + Lj , k  } '  (L j - l , k + Lj , k  +  h j - l / 2 , k - 1 / 2  + h j - l / 2 , k + l / 2 )
n + 1 /2  / At . n  n .
f j - 1 / 2 , k  8At C j , k  j + l , k  j + 1/ 2 , k - 1 / 2  j + l / 2 , k + l / 2 ' )
n + 1 /2  / At - n + 1 /2  n + 1 / 2 ,  . .
j + 1 / 2 , k  ( 8Ax) + (L j - l , k +  Lj , k  +  j - 1 / 2 , k - 1 / 2  j - 1 / 2 , k + 1 / 2
. nn+ l /2  r At -| - n + 1 /2  n + 1 /2  . , .
p x j - l / 2 , k L4 (A x)2 j  +  (Lj , k  +  j + l , k  j + 1/ 2 , k - 1 /2  j + 1 /2  , k + l / 2 }
n + 1 /2  r At n ..  . .
p x j + 1/ 2 , k  hCAx)^ ( 4 . 4 9 )
_ = / Tn  . Tn  4. U . U \TTn+ 1/ 2 / At „
j   ^ J , k  + j + l , k  + 11 j + 1 / 2 , k - l / 2+  j + 1 / 2 , k + 1 / 2  j + 1 / 2 , k  ( 8Ax }
- n + 1 / 2  n . , s n + 1 /2
j , k  j + l , k  j + 1 / 2 , k - 1 / 2  j + 1 / 2 , k + l / 2 ;  p x j + l / 2 , k
( 4 . 5 0 )
d .  = p "  [ £  + l”  . ] -  [ft +  l”  , ] s s n . . —  +  [ ( l"  . . +  l“  . +J J >k J , k  J , k J p j , k  2 LV j , k - l  J , k
h j - l / 2 , k - l / 2 + h j + l / 2 , k - l / 2 )Vj , k - l / 2 ( P j , k - l +  P j , k ) " (Lj , k  +
Lj , k + 1 +  h j - l / 2 , k + l / 2 +  h j + l / 2 , k + l / 2 )Vj , k + l / 2 (P j , k + l +  Pj , k ) ]
* / At v r j  » ,  j  11 . * -J- l  v _n
X 8Ax ’ U L j , k - l + ; j ,k +  h j - l / 2 , k - 1 / 2  j + 1 / 2 , k - 1 / 2  Dpy J , k - 1 / 2
* (P j , k  " Pj , k - 1 ) " (Lj , k +  Lj , k + 1 +  h j - l / 2 , k + l / 2 +  h j + l / 2 . k + l / 2 )
* D° (Pn -  Pn  ) ] [ — ^  »py j  , k + l / 2 ^  j , k + l  j , k  4(Ax)- ( 4 .5 1 )
Eq. ( 4 .4 7 )  can  now be  s o lv e d  f o r  t h e  unknown v a l u e s  o f  s p e c i e s  P o f  
th e  k t h  row i f  b o u ndary  c o n d i t i o n s  a r e  s p e c i f i e d  a t  b o th  ends  o f  t h e  
row. The b o u n d ary  c o n d i t i o n s  c o n s i s t  o f  th e  a p p r o p r i a t e  v a l u e s  f o r  
th e  s p e c i e s  u n d e r  c o n s i d e r a t i o n .  E q u a t io n s  f o r  t h e  g r i d  p o i n t s  i n  a  
row can  be  p u t  i n  a  t r i d i a g o n a l  m a t r ix ;  and  i f  t h e r e  a r e  N g r i d  p o i n t s ,  
t h e r e  w i l l  be  N-2 unknowns. T h u s ,  f o r  t h e  f i r s t  h a l f - t i m e  s t e p ,  th e  
m a t r ix  f o r  th e  k t h  row i s :
— — — — --
b 2 d 2 P2 ,k d2 - a 2 Pl , k
a 3 b 3 C3 P3 , k d3
!
a 4 b 4 °4 P4 , k
—
d4
a n - 2  bn -2 c o n -2 pn - 2 , k d _n - 2
a b ,n -1 n -1 P i i d - c ,P  ,r n - l , k n - 1 n - 1  n , k
— — — — ---
( 4 .5 2 )
T hus , by know ing t h e  v a l u e s  o f  th e  V v e l o c i t i e s ,  t h e  s o u rc e  te rm ,  th e  
w a te r  l e v e l s  and  th e  s p e c i e s  c o n c e n t r a t i o n  a t  t h e  n t h  t im e  l e v e l ,  th e  
U v e l o c i t i e s ,  t h e  w a te r  l e v e l s ,  and  t h e  b o u n d a ry  c o n d i t i o n s  a t  t h e  t im e  
l e v e l  n + 1 /2 ;  th e  v a l u e s  o f  t h e  s p e c i e s  c o n c e n t r a t i o n  a t  t h e  t im e  l e v e l  
n + 1 /2  c a n  be  c a l c u l a t e d  u s i n g  t h e  Thomas A lg o r i t h m .  The v a l u e s  a r e  
o b t a i n e d  f o r  t h e  w ho le  g r i d  a s  t h e  ab o v e  c a l c u l a t i o n  i s  r e p e a t e d  f o r
a l l  th e  ro w s .  A f t e r  i m p l i c i t l y  c a l c u l a t i n g  t h e  s p e c i e s  c o n c e n t r a t i o n  i n  
t h e  x - d i r e c t i o n ,  th e y  a r e  i m p l i c i t l y  c a l c u l a t e d  i n  t h e  y - d i r e c t i o n  i n  
t h e  second  h a l f - t i m e  s t e p .
Second H a l f - t i m e  S te p  
In  t h e  se c o n d  h a l f - t i m e  s t e p ,  t h e  s p e c i e s  c o n c e n t r a t i o n  i s  c a l c u l a t e d  
i m p l i c i t l y  i n  t h e  y - d i r e c t i o n .  The f i n i t e  d i f f e r e n c e  form  o f  t h e  S p e c ie s  
T r a n s p o r t  M odel, Eq. ( 4 . 4 4 ) ,  f o r  t h i s  s t e p  c a n  be w r i t t e n  a s :
At / 2 [ P ( p £  +  L ) ]  +  6x[(h7+  L*) UP*] +  6y[(h* + l7 )V +P^] -
SxCCh7  +  LX)Dpx6 x P ] - 6 y [ ( h x  + L^)Dpj +  6yP+ ] 
+  (S  +  L) SS = 0 a t  j , k , n + 1 / 2
P
( 4 .5 3 )
Eq. ( 4 .5 3 )  can  be  expanded  to :
,n+h  - Pn+y 2 (*J , k
n + 1 /2
J - l , k
n + 1 /2
j  >k
n + 1 /2  
j  >k
h j - l / 2 , k - 1 / 2  +  h j - l / 2 , k + 1 / 2




+  Lj + l , k  + h j + l / 2 , k - 1 / 2  +  h
v ..n+1 /  2 . pn + l  /  2 pn + l  /  2 
j + l / 2 , k + l / 2  j + 1 / 2 , k j  ,k  +  j + l , k
n + 1 /2  n + 1 /2  ,
' j , k - l  +  L j , k  +  j - 1 / 2 ,  k - 1 / 2 +  h
n + 1 /2  n + 1 /2
j  ,k  +  Lj  ,k + l j - 1 / 2 , k + 1 / 2 j+ 1 /2 ,k + 1 /2
* v1 n + 1 /2
J , k
n + 1 /2
J ' l , k
; n+1 n+ 1 . -■ 1
j  , j , k + l  j  ,k  4Ax
+ h v _ n + l / 2  . n + 1 / 2  n + 1 / 2 . .  . Tn + l / 2  n + 1 / 2j - l / 2 , k + l / 2  px j - 1 / 2 , k j , k  " j - l , k '  " ^ j , k  j + l , k
h +  h / p n + l / 2
n j + 1 / 2 , k - 1 / 2 ^  j + l / 2 , k + l / 2  p x j + 1 / 2 , k  j+ 1 ik
^ 2 ( A x ) ^  +  t ( L j , k - l +  Lj , k  +  h j - l / 2 , k - l / 2 +  ^ j + 1 / 2 , k - 1 / 2 5 
. n+1 /n n+1 Tin+1 \ /T n+1 j  Tn+1 , u
p y j , k - l / 2  j , k  j , k - l  j , k  j , k + l  j - 1/ 2 ,k+1/2
+ h . 1 Dn~*~^ ( pn" ^  _ p**"^ \  j  r  1 “] j.j + 1 / 2 , k + 1 / 2  p y j , k + 1 /2  j , k + l  * j , k ' JL2 (A x )J +
(£  +  Ln + } / 2 )  SSn + 1 /2  = 0 ( 4 .5 4 )
J , k  P '
Eq. ( 4 .5 4 )  h a s  o n ly  t h r e e  unknowns: , ,  and  P1?"^ , .  . T h e r e f o r e ,j , k - l  J »k J ,k + l
th e  e q u a t i o n s  f o r  a  g iv e n  column c a n  be  p u t  i n  a  t r i d i a g o n a l  fo rm .
M u l t i p l y i n g  by A t / 2 ,  Eq. ( 4 .5 4 )  can  be  w r i t t e n  a s :
_n+ l , . „ n + l  , „ n + l  ,a, P . . . + b. P . . +  c. P . , - = d. / / e c \k  j , k - l  k  j , k  k j , k + l  k  ( 4 .5 5 )
i n  w h ich :
. n + 1 / 2  n + 1 /2  , , 'U7n + 1
a k  '  H , k - 1 + L j , k  +  n j - l / 2 , k - l / 2 + h j + l / 2 , k - l / 2 ;Vj , k - 1 / 2
. . At ' ._ n+1 n+1 , . , n+1
8Ax " ^Lj , k - 1  J , k  +  j - 1 / 2 , k - 1 / 2  j + 1 / 2 , k - 1 / 2  p y j , k - 1 / 2
* * - 4 ( ^ f   ^ ( 4 .5 6 )
, _ .+  , Tn' ^ \  /Th + l / 2  n + 1 /2  , . .
k  “  (h‘ +  Lj , k ) “ ( j , k - l  Lj , k  +  j + 1 / 2 , k - 1 / 2  + j - 1 / 2 , k - 1 / 2
n+1 . At . . n + 1 / 2  n + 1 /2  , .
j , k - l / 2  8Ax +  CLj , k  + Lj , k + l  + j - 1 / 2 , k + 1 / 2  j + 1 / 2 , k + 1 / 2 )
. T7n+1 . At v , /Tn+1 , _ n + l  , . , , .
j , k + l / 2  8Ax ( j , k - l  j , k  j - 1 / 2 , k - 1 / 2  n + 1 / 2 , k - 1 / 2 5
_n+ l r At -i /Tn+1 , _ n + l  , , , , .
* p y j , k - 1 / 2  4 (A x)^  +  (Lj , k  +  j , k + l  h j - l / 2 , k + l / 2 + j + 1 / 2 , k + 1 / 2 5
nn + l  r At 2 l
*  p y j , k + 1 / 2  4 (A x) J ( 4 .5 7 )
_ _ . . n + 1 / 2  n + 1 /2  . , 'u;n + l
c k l ] , k  j , k + l  +  j - 1 / 2 , k + 1 / 2  j+ 1 / 2 , k + 1 / 2  j , k + 1 /2
9'
a. ( ^ t . , /-Tn+1 J. Tn+1 . v
( 8Ax) (Lj , k  j , k + l  +  j+ 1 / 2 , k + 1 / 2  j+ 1 /2 ,k + 1 /2 ^
,n + l—  . -  r At i
*  p y j  , k + 1 /2  L4 ( A ^ J ( 4 .5 8 )
d. = p " +y 2[ii +  Ln+y 2 ] -  $  + L ^ i ^ i s s p t 1^ 2 + [ ( Ln+y ?k  J , k  j , k  J , k  J , k  2 J , k - 1
, Tn + 1 /2  ■ , . . n + 1 /2  . „ n + l / 2  „ n + l / 2 \
j  >k +  h j - l / 2 , k - l / 2 +  h j - l / 2 , k + l / 2 )Uj - l / 2 , k (P j - l , k  +  Pj , k  )
( L » .* » -+  + h 4 l t / 0  , /0+ h J1 1 /0  i n / 0 ) l ^ T H o  , . (P n + 1 /2rn + 1 /2  n + 1 /2Jj , k  j + l , k  ‘ “ j + 1 / 2 , k - 1 / 2 "  “ j + 1 / 2 , k + l / 2 ' uj + l / 2 , k v t j „ k
+ Pj + l , k ) ^ 8 A x ^  " ^ Lj - l * k  +  h j , /  +  h j - l / 2 , k - l / 2 + h j - l / 2 , k + 1 / 2  )
. n + 1 /2  , Tn+ 1 /2
n + 1 /2 . n + l /2 _  n + 1 /2 .  _ . n + 1 / 2  Ln + l / 2
Px j ~ l / 2 , k  j , k  Pj - l , k } (Lj , k  +  Lj + l , k  +  h j + l / 2 , k - 1 / 2
+ h . . n + 1 / 2  . n + 1 / 2  r n + l /2 - , r Atj + l / 2 , k + l / 2  p x j + 1 / 2 , k  j + 1 ,k  ;j ,k  JL4 (A x) ' 4>g9)
Eq. ( 4 . 5 5 )  c a n  now be s o lv e d  f o r  th e  unknown v a l u e s  o f  s p e c i e s  P o r  
th e  j t h  column i f  b o u n d a ry  c o n d i t i o n s  a r e  s p e c i f i e d  a t  b o th  en d s  o f  t h e  
co lum n. E q u a t io n s  f o r  t h e  g r i d  p o i n t s  i n  a  column c a n  b e  p u t  i n  a 
t r i d i a g o n a l  m a t r i x  and  i f  t h e r e  a r e  N g r i d  p o i n t s ,  t h e r e  w i l l  be N-2 
unknow ns. T h u s ,  f o r  t h e  seco n d  h a l f - t i m e  s t e p ,  t h e  m a t r i x  f o r  th e  
j t h  colum n i s :
b2 C2 
\a3  b 3 c 3
a 4 b 4 C4
a n - 2 bn - 2 c n - 2
a  , b  , n - 1  n -1
Pj , 2 d2 " a 2Pj , l
Pj , 3 d3
Pj» 4 d4
Pj . n - 2 dn -2
Pj , n - 1 dn - l  Cn - l Pj , n
(4.60)
Thus by know ing th e  v a l u e s  o f  t h e  U v e l o c i t i e s ,  t h e  s o u r c e  te rm ,  th e  w a te r  
l e v e l s  and  th e  s p e c i e s  c o n c e n t r a t i o n  a t  th e  ( n t h  +  1 / 2 )  t im e  l e v e l ,  th e  
V v e l o c i t i e s ,  t h e  w a te r  l e v e l s  and  th e  b o u n d ary  c o n d i t i o n s  a t  t h e  ( n t h  
+ 1) t im e  l e v e l ;  th e  v a l u e s  o f  t h e  s p e c i e s  c o n c e n t r a t i o n  a t  t h e  ( n t h  +
1) l e v e l  c a n  b e  c a l c u l a t e d  by u s i n g  th e  Thomas A lg o r i t h m .  The v a l u e s  f o r  
t h e  w hole g r i d  a r e  i m p l i c i t l y  c a l c u l a t e d  a s  t h e  above  o p e r a t i o n  i s  r e ­
p e a t e d  f o r  a l l  t h e  co lum ns .
Open End Boundary C o n d i t io n s  
The c o n c e n t r a t i o n s  o f  t h e  s p e c i e s  u n d e r  s tu d y  m ust be  d e s c r i b e d  a s  a 
f u n c t i o n  o f  t im e  a t  t h e  open  end l o c a t i o n s .  D uring  o u t f l o w  c o n d i t i o n s ,  
t h e  b o u n d a ry  c o n c e n t r a t i o n s  a r e  o b t a in e d  by e x t r a p o l a t i n g  l i n e a r l y  from 
th e  v a l u e s  c a l c u l a t e d  w i t h i n  t h e  c o m p u ta t i o n a l  f i e l d .  The c o n c e n t r a t i o n s  
a t  th e  b o u n d a r i e s  a r e  c a l c u l a t e d  by a p p l y i n g  th e  s p e c i e s  e q u a t i o n ,  Eq. 
( 4 . 4 4 ) ,  t o  t h e  p o i n t  i n  q u e s t i o n  and  p u t t i n g  th e  e q u a t i o n  i n  a  n u m e r ic a l  
form:
n + 1 /2  n  _ n + 1 /2  n  _ n A t_  _
l , k  l , k  1 + 1 /2 ,k 2 , k l , k ;  2Ax
n + 1 /2  r n _ 2 n n n_ At
p x l + l / 2 , k  3 ,k  2 ,k  r l , k J 2 (A x)2 ( 4 .6 1 )
and
n + l /2 _  n _ ^n+ 1 /2  . n  _ n  A t_  _
j , l  "  j , l  j ,1 + 1 /2  j ,2  ^ j , l ^  2Ax
r pn  _ 2pn  j. pn "1 i ^  »
p y j ,1 + 1 /2  j ,3  j ,2  +  ^ j , l J 2 (A x )2 ( 4 .6 2 )
When th e  t i d a l  i n f l o w  i s  such  t h a t  t h e  f lo w  i s  i n t o  t h e  f i e l d  o f
c o m p u ta t io n ,  th e  b o u n d ary  v a l u e s  a r e  n o t  c a l c u l a t e d .  T hese  v a l u e s  o f
i n p u t  c o n c e n t r a t i o n  v a ry  b e tw een  th e  l a s t  v a l u e  c a l c u l a t e d  d u r in g  t i d a l  
o u t f lo w  and t h e  open  s e a  v a l u e  o f  t h e  c o n c e n t r a t i o n  o f  t h e  s p e c i e s  u n d e r
c o n s i d e r a t i o n .  F o r  th e  B a r a t a r i a  Bay c a s e ,  t h i s  v a r i a t i o n  was m easu red  
and  i t  i s  shown i n  F i g .  B -21 . The f u n c t i o n a l  r e l a t i o n s h i p  shown, w hich 
i s  e s s e n t i a l l y  a  s t e p  f u n c t i o n ,  w i l l  be u sed  i n  c a l c u l a t i o n s  f o r  
B a r a t a r i a  Bay.
N u m er ic a l  O p e r a t i o n s  f o r  
S p e c i a l  C o n d i t io n s
In  o r d e r  to  p r o p e r l y  s i m u l a t e  bay  c o n d i t i o n s ,  t h e  geo m etry  o f  th e  
bay  h a s  to  be  i n c l u d e d .  I n t e r n a l  b a r r i e r s  su ch  a s  i s l a n d s  c r e a t e  c h an g e s  
i n  th e  t r a n s p o r t  phenom ena. T h e r e f o r e ,  s p e c i a l  n u m e r i c a l  o p e r a t i o n s  have  
to  be  p e r fo rm e d  t o  a c c o u n t  f o r  t h e s e  c o n d i t i o n s .  I n  t h i s  s e c t i o n ,  t h e  
s p e c i a l  n u m e r i c a l  o p e r a t i o n s  w i l l  b e  d i s c u s s e d  f o r  momentum, e n e r g y ,  and  
mass t r a n s f e r .
H y drodynam ica l Model
The n u m e r i c a l  o p e r a t i o n s  n e e d e d  t o  a c c o u n t  f o r  i n t e r n a l  b a r r i e r s  i n  
th e  Hydrodynamic Model a r e .  i n  t h e  fo rm  o f  m o d i f i c a t i o n s  t o  t h e  m a t r i x  s e t  
f o r  c a l c u l a t i o n s .  F o r  a  b a r r i e r  a g a i n s t  f lo w  i n  t h e  x - d i r e c t i o n ,  such  
a s  t h e  one shown i n  F i g .  4 . 2 ,  th e  U v e l o c i t y  i s  known t o  be z e r o  a lo n g  
th e  j  =m f l / 2  l i n e .  T h e r e f o r e ,  t h e  m a t r i x  f o r  th e  k th .  row i s :
r l + l / 2 r 2 Ul + l / 2 ,k Bl + l / 2  + r l  Ll , k

















"rn - l rn - l / 2 rn
' V l / 2 1




Bn - l / 2
An " rn + l /2 Un + l /2 ,k
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k+1 + - + - +  - + - + - + - +
■ o i o ' ? 1 O i o 1 o 1k + - + - + 1 + - + - + - +
■ o i o 1 O 1 O i o 1 o 1
k -1 + - + - +  - +  - + - + - +
M--1 M M+l
UM f l / 2 , k  °
-  V v e l o c i t i e s  
i U v e l o c i t i e s  
o W ater d e p th  (h)
+  W ater l e v e l  (L)
F ig u r e  4 . 2 .  B a r r i e r  A g a in s t  Flow i n  t h e  
x - d i r e c t i o n .
The e q u a t i o n  s e t  Eq. ( 4 .6 3 )  i s  changed  t o  t h e  f o l l o w i n g  form  s i n c e  U(m) 
i s  known t o  b e  z e r o  a lo n g  th e  b a r r i e r :
r l + l / 2 r 2
"r l + l / 2 1 r 2+1/2  •
•




- r  0 r  . m m+1
0 .
••
^ m + l /2 ,k =
Am"cnH-l/2 Um + l /2 ,k
Bm+1/ 2 " r m+l/ 2Um+l/ 2 ,  k
Am f l+  r m + l/2 Um + l /2 ,k  
•
( 4 .6 4 )
" r n - l / 2  1 L u n , k
•
An r n + l / 2 ^ n ,k
Now th e  sy s te m  h a s  become s i n g u l a r  b u t  i t  i s  s t i l l  s o l v a b l e  by a  m odi­
f i e d  Thomas A lg o r i t h m .  To do t h i s ,  w henever  t h e  v a l u e s  o f  t h e  column 
a r e  z e r o  th e  r e s u l t s  o b t a i n e d  f o r  t h e  unknown t h a t  a r e  m u l t i p l i e d  by th e  
z e r o  column a r e  s e t  t o  z e r o ,  and  th e  s o l u t i o n  i s  a l lo w e d  t o  p r o c e e d .  The 
same p r o c e d u r e  i s  fo l lo w e d  f o r  b a r r i e r s  a g a i n s t  t h e  f lo w  i n  t h e  y - d i r e c ­
t i o n .  T h is  p r o c e d u r e  i s  a l s o  a p p l i e d  when i s l a n d s  a r e  i n c lu d e d  i n  th e  
f i e l d  o f  c a l c u l a t i o n ,  i n  w h ich  c a s e  th e  w a te r  l e v e l  i s  s e t  t o  z e r o  by 
th e  m o d i f ie d  Thomas A lg o r i t h m  i f  t h e  c o n d i t i o n s  a r e  a p p r o p r i a t e .
A n o th e r  o p e r a t i o n  n e e d e d  i s  th e  one t o  a l lo w  f o r  f l o o d i n g  o f  th e  
" d r y "  g r i d  p o i n t s .  A f t e r  e a c h  sw eep , t h e  " d ry "  p o i n t s  a r e  ch ec k ed  f o r  
f l o o d i n g .  I f  t h e  a v e r a g e  w a te r  l e v e l  a ro u n d  th e  " d r y "  p o i n t  i s  such  
t h a t  t h e  " d r y "  p o i n t  i s  u n d e r  w a t e r ,  th e n  t h e  w a te r  l e v e l  a t  t h e  " d ry "  
p o i n t  i s  s e t  by t h e  f o l l o w i n g  e q u a t i o n :
Tn + l /2 _  . n + 1 /2  . _n + 1 /2  . _n + 1 /2  . _n + 1 /2  .
j , k  / 4 *Lj - l , k - l  j - l , k + l  j + l , k - l  j + l , k + l  ( 4 .6 5 )
To i n s u r e  c o n s e r v a t i o n  o f  m a ss ,  t h e  w a te r  added  to  t h e  p r e v i o u s l y  " d r y "
p o i n t  i s  s u b s t r a c t e d  from  t h r e e  a d j a c e n t  g r i d  p o i n t s :
1C
n+1/2 _ n+1/2 Ln+1/ 2 /3  (, ,
Lj - l , k - l  "  Lj - l . , k - l  Lj , k  / 3  <4 *66)
n + 1 /2  _ Tn + l / 2  Tn + l / 2  ( 4 .6 7 )
Lj + l , k - l  j + l , k - l  " Lj , k
n + 1 /2  n + 1 /2  _ Ln + l / 2  .
Lj - l , k + l  Lj - l , k + l  j - l , k / 3  ( 4 *68)
The same p r o c e d u r e  i s  f o l lo w e d  f o r  c a l c u l a t i o n s  i n  th e  y - d i r e c t i o n .
E nergy  T r a n s p o r t  and  Mass 
T r a n s p o r t  M odels
J u s t  a s  w i th  t h e  Hydrodynamic M odel,  t h e  E nergy  T r a n s p o r t  and  Mass 
T r a n s p o r t  M odels u s e  n u m e r i c a l  o p e r a t i o n s  i n  t h e  fo rm  o f  m a t r ix  m o d i f i ­
c a t i o n s  i n  o r d e r  t o  a c c o u n t  f o r  i n t e r n a l  b a r r i e r s .  The i n t e r n a l  b o u n d a r i e s  
i n  t h i s  c a s e  a r e  t h e  c l o s e d  b o u n d a r i e s .  C lo se d  b o u n d a r i e s  a r e  t h o s e  
g r i d  p o i n t s  i n  w h ich  b o t h  th e  c o n v e c t iv e  and  d i s p e r s i v e  t r a n s p o r t  o f  
c o n s t i t u e n t s  i s  z e r o .  F o r  e x a m p le ,  t h e  s i t u a t i o n  shown i n  F i g .  4 .3  
shows a  r i g h t  c l o s e d  b o u n d a ry  f o r  a  s t e p  m a rc h in g  by co lu m n s .  T h u s ,  t h e  
t r a n s p o r t  th r o u g h  c r o s s  s e c t i o n s  b e tw ee n  j=N and  j=N +l i s  z e r o  and Eq. 
( 4 . 5 5 )  r e d u c e s  t o :
akpj ,k - i  + V ,j , k - dk (4-69)
a s
Ck = 0 ( 4 .7 0 )
S i m i l a r l y ,  a s  i n  F i g .  4 . 4 ,  i f  t h e r e  i s  a  l e f t  c l o s e d  b o u n d a ry ,  Eq. ( 4 .5 5 )
r e d u c e s  t o :
b P +  c P = dk j , k  +  c j  ,k + l  \  ( 4 .7 1 )
as
afc = 0 (4.72)
1Fig. 4 .3 . Right Closed Boundary.
F i g .  4 . 4 .  L e f t  C lo se d  Boundary .
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E x p l i c i t  Scheme F o r  th e  E nergy  
T r a n s p o r t  Model and  th e  Mass 
T r a n s p o r t  M odel.
The same sp a c e  s t a g g e r e d  scheme u sed  f o r  th e  i m p l i c i t  scheme i s  u se d  
f o r  t h e  e x p l i c i t  schem e. The r e s u l t s  o b t a i n e d  from  th e  Hydrodynamic Model 
a r e  u se d  f o r  i n p u t s  f o r  th e  e x p l i c i t  s o l u t i o n  o f  t h e  Mass and  E nergy  T r a n s ­
p o r t  M odels .  The H ydrodynam ic Model i s  c a r r i e d  o u t  f o r  two h a l f - t i m e  s t e p s  
and  th e n  th e  Mass and  E nergy  T r a n s p o r t  M odels a r e  e x e c u te d  a t  e v e ry  t im e  
s t e p .  As i t  was t h e  c a s e  i n  t h e  i m p l i c i t  schem e, th e  n u m e r i c a l  o p e r a t i o n s  
o f  t h e  e x p l i c i t  s o l u t i o n s  o f  th e  E nergy  and  Mass T r a n s p o r t  M odels a r e  
i d e n t i c a l .
E xpand ing  Eq. ( 4 . 4 4 ) ,  t h e  E nergy  o r  Mass T r a n s p o r t  Model can  be 
w r i t t e n  a s :
M m  +  a*D U Pl +  i i f iV E l  .  ( 5 1 2 8 ^ ) ^ .  +  DB | ! p  .
d t  dx dy dx dx pxdx^ '
d(DBpy) +  DB ^
"  ( dy dy ^  dy2^ p ( 4 .7 3 )
The above  e q u a t i o n  can  be  p u t  i n  a  f i n i t e  d i f f e r e n c e  form  u s in g  th e  
fo rw a rd  d i f f e r e n c e  a p p r o x im a t i o n .  The r e s u l t i n g  e q u a t i o n  i s :
Pn+V +?; -  Pn Dn . + (D ?*1 Un^ ^ P n -  Dn+? u f y 2Pn . ) l . k  j  ,k  i , k  i . k  .1+1 ,k  l + l , k  i + l , k  i ,k  j ,k  i , k /
At Ax
+ (Dn+?; ^ J  p1! -  Dn+V + V  )j , k + l  j , k + l  j  , k + l  j , k  j , k  j , k y
Ay
-  ( r f * 1 . Bn+  ^ , . -  DU+h n+] v ) (P* . . -  P“ . )j + l , k  p x j + l , k  j , k  p x j , k  j + l , k  J , k
Ax Ax
- D?+?;Bn + * , (P® , - 2P* +  P? i . )J p x j , k  j + l j k  j , k  J - l . k ^
(A x )2
- (Dn+?; i Bn+1 . - Dn+^Bn+1 , ) (p”  . . -  p "  )
J JH+1 py j  A _py j , ^  j , k + i  j , k ^
Ax Ax
n+l_.n+l /T1n  OT,n , „n  .
" j , k  p y j  ,k  ( j , k + l  ~ 2Fj , k  +  Pj , k - 1 }-  s s j ^  = 0 <4 -74>
(A y )2
ti-HlR e a r r a n g in g  and s o l v i n g  f o r  P a t  t h e  l a t e s t  t im e  i n t e r v a l  r e s u l t s  i n
J
P”  D? , .. nn+  ^ TTn+1/ 2T3n  n+ l T7n+ l / 2  n  .
pn+ l  .  J i l J S  .  L ( V l . k V l , k V l . k -  Dj . k UJ , k  Pj , k >
J D. . D. , Ax
J J >**•
. /T.n+1 TJ i+ l  „n  _ n + l t n + I n  . /T^ n+1 „ n + l  _n+ l- .n+ l N+  (D. , , . V .  , , i P .  , , ,  “ D. , V.  , P ,  , )  ( D . , ,  , B „ .  , ,  , - D .  , B . . )j , k + l  j , k + l  3 , k + l  i , k  i ,k  j , k ' - v i + l , k  p x j + l , k  i ,k  p x . n k '
Ay Ax
(p“ . -  P° . ) . .  (P" , . -  2P" , + p“ . . )* __ ] + l , k  J »k _ Dn + l Bn + l  j + l , k  j  ,k _____I z l A -
Ax j , k  p x , j , k  (A x)2
( B n+1 Bn+1  -  Dn + 1n n+1  W P n  _ Pn  ^
-  ___  J »k Py ,  j  ,,k ^ j , k + l  * j , k ;
Ax Ax
-  D?+?;Bn+^ . (P® . . - 2P" +  p "  ) “jj , k  p y j> k v j , k + l  j , k  j . k - 1 '  _ s g n + l  j  ( 4 . 7 5 )
(A y)2 p j , k
The e x p l i c i t  s o l u t i o n  o f  Eq. ( 4 . 7 2 )  i s  l i m i t e d  by t h e  f o l l o w i n g  
s t a b i l i t y  c r i t e r i o n  r e p o r t e d  by TRACOR (R e f .  4 . 3 ) ;  t h e  s i z e  s t e p  i s  
l i m i t e d  by :
Ax = A/ ^  mi n r~^Bmin 8Bmin~|  ( 4 . 7 6 )t8 i  i j |Umax| * |Vmax | Iand  th e  t im e  s t e p  i s  l i m i t e d  by 
At ^  min f~  Ax Ax ~|2 |Umax| ’ 2 |Vmax | ( 4 . 7 7 )
and
s  4 ^  <4 - 78)
The co m p u te r  p r o c e d u r e s  u s e d  f o r  th e  B a r a t a r i a  Bay Model a r e  shown 
i n  A ppend ix  D.
Summary
In  t h i s  c h a p t e r  t h e  H ydrodynamic M odel,  E nergy  T r a n s p o r t  M odel,  
and  Mass T r a n s p o r t  Model w ere p u t  i n  n u m e r i c a l  fo rm : a n  i m p l i c i t
t e c h n iq u e  was d e v e lo p e d  f o r  t h e  Hydrodynamic M odel, and i m p l i c i t  and 
e x p l i c i t  t e c h n i q u e s  w ere  d e v e lo p e d  f o r  t h e  E nergy  and  Mass T r a n s p o r t  
M o d e ls .  The n e x t  c h a p t e r  d i s c u s s e s  th e  r e s u l t s  o b t a in e d  w i th  t h e  
n u m e r i c a l  t e c h n i q u e s  p r e s e n t e d  h e r e .
It
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CHAPTER V
RESULTS OF THE HYDRODYNAMIC ENERGY TRANSPORT 
AND SPECIES TRANSPORT MODELS OF BARATARIA BAY
I n t r o d u c t i o n
S o l u t i o n s  o f  t h e  t r a n s p o r t  phenomena e q u a t i o n s  o f  s h a l lo w  
e s t u a r i n e  bay  s y s te m s  w ere  o b t a i n e d  f o r  th e  B a r a t a r i a  Bay e s t u a r y .  
The p u rp o s e  o f  t h i s  c h a p t e r  i s  t o  p r e s e n t  t h e  r e s u l t s  o f  t h e s e  
s o l u t i o n s .  The f i r s t  p a r t  o f  t h i s  c h a p t e r  w i l l  p r e s e n t  a  d e s c r i p ­
t i o n  o f  th e  s i m u l a t i o n  and  s p e c i f i c  d a t a  u se d  f o r  B a r a t a r i a  Bay.
The seco n d  p a r t  w i l l  p r e s e n t  t h e  r e s u l t s  o f  t h e  c a s e s  t h a t  w ere  
ru n :  t y p i c a l  c o n d i t i o n s ,  h ig h  f r e s h  w a te r  r u n o f f ,  d ro p  i n  g u l f  
s a l i n i t y  due t o  M i s s i s s i p p i  r i v e r  w a t e r ,  c o ld  f r o n t  p a s s a g e ,  and  
t i d a l  wave g e n e r a t e d  by a  h u r r i c a n e .  The t h i r d  p a r t  c o n s i s t s  o f  
c o m p a r is o n s  o f  r e s u l t s  o b t a i n e d  w i th  f i e l d  d a t a  and  r e s u l t s  from  
o t h e r  i n v e s t i g a t o r s .  The f o u r t h  p a r t  i s  a  s h o r t  d i s c u s s i o n  o f  
r e s u l t s  f o r  t h e  t i m e - a v e r a g e d  e q u a t i o n  o f  m o t io n .  The l a s t  p a r t  
c o n s i s t s  o f  a  d i s c u s s i o n  o f  n u m e r i c a l  c o n s i d e r a t i o n s  i n  th e  
c o m p u te r  s o l u t i o n .
S im u l a t i o n  o f  B a r a t a r i a  Bay
To s i m u l a t e  a n  e s t u a r y  t h e  f o l l o w i n g  ty p e s  o f  i n f o r m a t i o n  
a r e  n ee d e d :  t i d a l  h e i g h t s  h i s t o r y  o f  t h e  p a s s e s ,  f r e s h  w a te r  r u n o f f ,  
a tm o s p h e r ic  c o n d i t i o n s ,  s e a  c o n d i t i o n s ,  d i s p e r s i o n  c o e f f i c i e n t s  
f o r  e n e rg y  and  m a ss ,  b o t to m  f r i c t i o n  c o e f f i c i e n t s  and  b a t h y m e t r i c  
d a t a .  T i d a l  h e i g h t  h i s t o r y  a t  t h e  p a s s e s  was o b ta in e d  f o r  B a r a t a r i a  
P a s s  from  t h e  L o u i s i a n a  W ild  L i f e  and  F i s h e r i e s  C o m iss io n  (R e f  5 . 1 ) .
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F r e s h  w a te r  r u n o f f  d a t a  was o b t a i n e d  f o r  B a r a t a r i a  Bay from
G a g l i a n o ,  e t .  a l .  (R e f .  5 . 2 ) .  A tm o sp h e r ic  c o n d i t i o n s  w ere  from
th e  L .S .U .  Sea G ra n t  P rogram  (R e f .  5 .3 )  Sea c o n d i t i o n s  f o r  th e
G u lf  w ere  o b t a i n e d  from  th e  L o u i s i a n a  W ild  L i f e  and F i s h e r i e s
Com m ission (R e f .  5 . 1 ) .  D i s p e r s i o n  c o e f f i c i e n t s  w ere  o b ta in e d
from  a  G a lv e s to n  Bay s t u d y  b y  T r a c o r  (R e f .  5 . 4 ) .  Bottom  f r i c t i o n
c o e f f i c i e n t s  w ere  o b t a i n e d  from  a  J a m a ic a  Bay s i m u l a t i o n  by
L e e n d e r t s e  (R e f .  5 . 5 ) .  The b a t h y m e t r i c  d a t a  f o r  B a r a t a r i a  Bay
was t a k e n  from  th e  U .S .  C o a s t a l  and  G o e d e t i c  S e r v i c e  Map No. 1273.
The s a l i n i t y  d i s p e r s i o n  c o e f f i c i e n t s  u se d  f o r  th e  B a r a t a r i a
Bay e s t u a r y  w ere  o b t a i n e d  from  a  s i m i l a r  s t u d y  o f  G a lv e s to n  Bay.
The b a th y m e t r y ,  h y d r o l o g i c  and g e o g r a p h i c a l  l o c a t i o n s  o f  B a r a t a r i a
Bay and G a lv e s to n  Bay a r e  v e r y  s i m i l a r .  The s e l e c t i o n  o f  s a l i n i t y
d i s p e r s i o n  c o e f f i c i e n t s  was b a s e d  on l o c a t i o n s  r e p o r t e d  in  G a lv e s to n
Bay t h a t  w ere  s i m i l a r  in  d e p th  and v e l o c i t i e s  t o  B a r a t a r i a  Bay
l o c a t i o n s .  The v a l u e  o f  th e  s a l i n i t y  d i s p e r s i o n  c o e f f i c i e n t s
2
s e l e c t e d  was 6 ,0 0 0  f t  / s e c  f o r  t h e  b a y  s y s te m .  T hese  v a l u e s ,
r e p r e s e n t i n g  t u r b u l e n t  d i s p e r s i o n ,  a r e  much h i g h e r  th a n  m o l e c u la r
d i f f u s i o n  v a l u e s  f o r  s a l t  i n  w a t e r .  M o le c u la r  d i f f u s i o n  f o r  sodium
2
c h l o r i d e  i n  w a t e r  i s  r e p o r t e d  a s  162 f t  / s e c  by  t h e  Handbook o f  
C h e m is t ry  and P h y s i c s  (R e f .  5 . 6 ) .
T e m p e ra tu re  d i s p e r s i o n  c o e f f i c i e n t s  a r e  n o t  r e p o r t e d  in  th e  
l i t e r a t u r e  f o r  c o n d i t i o n s  co m p a ra b le  t o  t h e  o n es  found  in  B a r a t a r i a  
Bay. T h u s ,  a s  t h e r e  i s  no m ethod f o r  d e t e r m in i n g  d i s p e r s i o n  
c o e f f i c i e n t s  a  p r i o r i , i t  was assum ed t h a t  t h e  t e m p e r a t u r e  d i s p e r ­
s i o n  c o e f f i c i e n t s  a r e  e q u a l  t o  s a l i n i t y  d i s p e r s i o n  c o e f f i c i e n t s .
Bottom  f r i c t i o n  c o e f f i c i e n t s  f o r  t h e  c o n d i t i o n s  found  i n  
B a r a t a r i a  Bay have  b e e n  r e p o r t e d  by a  number o f  i n v e s t i g a t o r s  
(R eg .  2 . 1 0 ,  2 . 1 2 ) .  The v a l u e  u s e d  i n  t h i s  c a s e  was a  M anning 
f r i c t i o n  f a c t o r  o f  0 .0 2 6  (R e f .  5 . 5 ) .  T h i s  v a l u e  was u s e d  i n  t h e  
T r a c o r  s tu d y  (R eg . 2 .1 4 )  on G a lv e s to n  Bay and  a l s o  u se d  by 
L e e n d e r t s e  (R e f .  2 . 9 ) .
T i d a l  v a r i a t i o n  a t  t h e  p a s s e s  was m odeled  by f i t t i n g  a  
s i n u s o i d a l  c u r v e  t o  t h e  t i d a l  r a n g e .  T h is  was done b e c a u se  o f  a  
l a c k  o f  d a t a  f o r  t h e  sh a p e  o f  t h e  t i d a l  c u r v e  a t  t h e  p a s s e s .
T i d a l  f l u c t u a t i o n s  g e n e r a l l y  f o l l o w  a  s i n u s o i d a l  v a r i a t i o n ;  
t h e r e f o r e  t h i s  p r o c e d u r e  r e p r e s e n t s  a  good a p p r o x im a t io n  o f  t h i s  
v a r i a t i o n  w i t h i n  t h e  a c c u r a c y  o f  t h e  c o m p u ta t i o n s .  T i d a l  r a n g e s  
a t  th e  d i f f e r e n t  p a s s e s  i n t o  B a r a t a r i a  Bay a r e  t h e  same b u t  th e  
t im e s  o f  h ig h  and  low t i d e  a t  B a r a t a r i a  p a s s  i s  a h e a d  o f  th e  
o t h e r  t h r e e  p a s s e s .
B a r a t a r i a  P a s s  was t a k e n  a s  r e f e r e n c e ,  Caminada P a s s  l a g s  
by 1 .3 5 8  h o u r s ,  and  Q u a t r e  Bayou and  P a s s  A b e l a r e  found t o  l a g  
0 .8 7 5  h o u r s  a s  r e p o r t e d  i n  t h e  T id e  T a b le s  (R e f .  5 . 7 ) .  T hese  
l a g s  w ere  i n c l u d e d  i n  t h e  t i d a l  s i m u l a t i o n .
The g r i d  s y s te m  was p l a c e d  on t h e  a r e a  o f  i n t e r e s t  i n  a  f a s h i o n  
t h a t  i n s u r e d  t h a t  a l l  t i d a l  p a s s e s  w ere  l i n e d  up w i th  th e  b o t to m  row 
o f  t h e  g r i d  s y s te m .  The l i m i t s  o f  t h e  s y s te m  m odeled  w ere  c h o s e n  
by  a  s tu d y  o f  the a r e a .  D a ta  was t a k e n  on  t h e  a r e a s  s u r r o u n d in g  
th e  bay  t o  d e t e r m in e  r e g i o n s  i n  w h ich  f lo w s  i n t o  o r  o u t  o f  t h e  bay  
a r e  s m a l l  enough  t o  be  n e g l e c t e d .  T h ese  m easu rem en ts  a r e  shown i n  
A ppend ix  B, T a b le  B -2 .  G r id  s i z e  was c h o s e n  t o  b e s t  r e p r e s e n t  
th e  w id th s  o f  t h e  p a s s e s .  H owever, a  s m a l l e r  g r i d  s i z e  th a n  th e
one  u se d  w ould  be d e s i r a b l e .  W ith  th e  g r i d  s i z e  c h o s e n ,  o n ly  one 
g r i d  p o i n t  was a s s i g n e d  f o r  e a c h  p a s s .  A s m a l l e r  g r i d  s i z e  would  
p r o v id e  a  more a c c u r a t e  r e p r e s e n t a t i o n .  However, a  s m a l l e r  g r i d  
s i z e  would  r e q u i r e  more co m p u te r  s t o r a g e  th a n  was a v a i l a b l e .
The B a r a t a r i a  Bay e s t u a r y  was m odeled  u s in g  two f i n i t e  
d i f f e r e n c e  n e tw o r k s :  a  1 3 0 0 y a r d s  s q u a r e  g r i d ,  shown i n  F i g u r e  5 . 1 ;  
and  an  1800 y a r d s  s q u a r e  g r i d  , shown i n  F ig u r e  5 . 2 .  The d a t a  u sed  
was s t o r e d  i n  a  c o m p u ta t i o n a l  g r i d  l i k e  t h e  one shown i n  F ig u r e  
5 . 3 .  The p u rp o s e  o f  u s i n g  two d i f f e r e n t  g r i d  s i z e s  was t o  e s t a b l i s h  
c o n v e rg e n c e  o f  the s o l u t i o n s .
W ith  t h e  n u m e r i c a l  s o l u t i o n  t h e  m ode ls  p r e d i c t  a  l o c a l  a v e r a g e  
o f  t h e  v e l o c i t y ,  t e m p e r a t u r e  and  s a l i n i t y  th r o u g h  t h e  m arsh g r a s s  and 
c h a n n e l s  o f  t h e  m arsh  and  open w a t e r s  o f  t h e  b a y .
I t  was fo u n d  t h a t  i f  c o n s t a n t  ( e x c e p t  f o r  t i d a l  v a r i a t i o n s  
a t  t h e  p a s s e s )  b o u n d a ry  c o n d i t i o n s  w ere  m a in t a i n e d .  The s o l u t i o n  
f o r  B a r a t a r i a  Bay r e a c h e d  q u a s i - s t e a d y  s t a t e  c o n d i t i o n s .  When 
th e  bay i s  i n  a  q u a s i - s t e a d y  s t a t e ,  t h e  s o l u t i o n  i s  r e p e a t e d  an d  
c o n d i t i o n s  c o r r e s p o n d in g  t o  t h e  same t im e  i n  s u b s e q u e n t  t i d a l  
c y c l e s  a r e  e q u a l .  Q u a s i - s t e a d y  s t a t e  was o b t a i n e d  a f t e r  a b o u t  
t h r e e  t i d a l  c y c l e s .
T h i s  same phenomena h a s  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e  f o r  
t h e  c a s e  o f  m odel s t a r t - u p .  I t  i s  r e p o r t e d  t h a t  s o l u t i o n s  r e a c h  
q u a s i - s t e a d y  c o n d i t i o n s  i n  two o r  t h r e e  t i d a l  c y c l e s  ( R e f s .  5 . 4  
and  5 . 5 )  b e g i n n in g  w i th  a  bay  w i th  z e r o  v e l o c i t y  an d  u n i fo rm  
te m p e r a t u r e  an d  c o n c e n t r a t i o n .  I n  t h i s  w ork i t  was found  t h a t  t h e  
bay  would move from  one  q u a s i - s t e a d y  s t a t e  t o  a n o t h e r  i n  t h r e e  t o  
f i v e  t i d a l  c y c l e s  a f t e r  a  ch an g e  i n  b o u n d a ry  c o n d i t i o n s  had  b e e n
F ig u r e  5 . 1 .  F i n i t e  D i f f e r e n c e  G rid  (1300 y a rd s  s q u a re )  on B a r a t a r i a  Bay 
(d e p th  shown i n  f e e t ) .
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F ig u re  5 .2 .  F i n i t e  D i f f e r e n c e  G rid  (1800 y a rd s  s q u a re )  on B a r a t a r i a  Bay 
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A l l  p o i n t s  on 
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same s u b s c r i p t  m
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* D e p th ,  d i s p e r s i o n  c o e f f i c i e n t s
F ig u r e  5 . 3 .  C o m p u ta t io n a l  G r id .
im p o se d .  As a  r e s u l t  o f  t h i s  phenom ena, t h e  m odel c a n  be  u se d  
t o  o b t a i n  d a i l y  a v e r a g e s  w hich  a r e  r e p r e s e n t a t i v e  o f  t h e  q u a s i ­
s t e a d y  s t a t e  c o n d i t i o n .  T hese  d a i l y  a v e r a g e s  can  be  u sed  a s  an  
a c c u r a t e  r e p r e s e n t a t i o n  o f  m o n th ly  a v e r a g e s  f o r  p e r i o d s  i n  w hich 
t h e  b o u n d a ry  c o n d i t i o n s  f o r  th e  b a y  show s m a l l  c h a n g e s ,  e . g . ,  t h e  
f r e s h  w a t e r  r u n - o f f  i n t o  t h e  bay  i s  e s s e n t i a l l y  c o n s t a n t  and  th e  
t i d a l  r a n g e  s t a y s  e s s e n t i a l l y  t h e  same f o r  t h e  p e r i o d  u n d e r  
e x a m in a t io n .
R e s u l t s  o f  t h e  B a r a t a r i a  Bay S im u l a t i o n
A s o l u t i o n  o f  t h e  t r a n s p o r t  e q u a t i o n s  was o b t a i n e d  f o r  a  
num ber o f  im p o r t a n t  c o n d i t i o n s  w h ich  o c c u r  i n  B a r a t a r i a  Bay.
T h ese  i n c l u d e :  a  t y p i c a l  p e r i o d  i n  May w hich  i s  im p o r t a n t  t o  th e  
s h r im p in g  s e a s o n  ( I t  i s  i n  t h i s  p e r i o d  t h a t  t h e  sh r im p  a r e  
e x h i b i t i n g  a  r a p i d  g ro w th  r a t e . )  A h ig h  f r e s h  w a te r  r u n o f f  f low  
th r o u g h  t h e  s y s te m  w hich  s i m u l a t e s  c o n d i t i o n s  t h a t  a r e  e n c o u n te r e d  
i n  a  "w e t y e a r " ,  a  d e c r e a s e  i n  t h e  G u lf  s a l i n i t y  due t o  M i s s i s s i p p i  
R iv e r  w a t e r  m e a n d e r in g  i n  f r o n t  o f  t h e  b a y ,  a  c o l d  f r o n t  p a s s a g e  
w hich  w ould  s i m u l a t e  c o n d i t i o n s  t h a t  w ould  a d v e r s e l y  a f f e c t  th e  
m a r in e  s p e c i e s  i n  t h e  b a y ,  an d  a  t i d a l  wave g e n e r a t e d  by a  h u r r i c a n e .
T y p i c a l  C o n d i t io n s  
The f i r s t  week o f  May, 1970 was s e l e c t e d  b e c a u s e  i t  i s  t y p i c a l  
o f  t h e  c o n d i t i o n s  t h a t  h av e  been  e n c o u n t e r e d  i n  B a r a t a r i a  Bay f o r  
a  number o f  y e a r s  i n  t h e  p a s t .  I t  d o es  n o t  f a l l  i n t o  t h e  c a t e g o r y  
o f  a  "w e t y e a r "  o r  a  " d r y  y e a r "  o r  a  " c o ld  s p r i n g " ,  e t c .  A lso
t h i s  t im e  o f  t h e  y e a r  i s  v e ry  im p o r t a n t  t o  th e  g ro w th  r a t e  o f  
t h e  c o m m e rc ia l ly  im p o r t a n t  s p e c i e s  i n  t h e  b a y ,  e s p e c i a l l y  sh r im p .  
D u r in g  t h i s  p e r i o d  t h e  sh r im p  p o p u l a t i o n  i s  e x p e r i e n c i n g  a  r a p i d  
g ro w th  r a t e .  The v a l u e s  o f  t h e  e n v i ro n m e n ta l  p a r a m e te r s  u s e d  i n  
t h e  s i m u l a t i o n  a r e  g iv e n  i n  T a b le  5 . 1 .
V e lo c i ty  p r o f i l e s  f o r  t h e s e  c o n d i t i o n s  a r e  shown i n  F ig u r e s
5 . 4  t o  5 . 9 .  The f i r s t  t h r e e  f i g u r e s  show e f f e c t s  a s s o c i a t e d  w i th  
o u t g o i n g  t i d e ,  an d  th e  seco n d  t h r e e  f i g u r e s  show e f f e c t s  a s s o c i a t e d  
w i t h  in c o m in g  t i d e .  T h ese  f i g u r e s  w ere  p ro d u c e d  by a s s i g n i n g  
a p p r o p r i a t e  a r ro w  l e n g t h s  t o  v e l o c i t y  r a n g e s  a s  g iv e n  i n  T a b le  5 . 2 .  
T h i s  was n e c e s s a r y  t o  p ro d u c e  a  d ia g ra m  t h a t  g iv e s  a  s a t i s f a c t o r y  
v i s u a l  r e p r e s e n t a t i o n  o f  t h e  m a g n itu d e  and  d i r e c t i o n  o f  t h e  w a te r  
v e l o c i t y .
R e f e r r i n g  t o  F ig u r e  5 . 4 ,  t h e  v e l o c i t y  p r o f i l e s  a r e  shown f o r  
t h e  bay  t h r e e  h o u r s  a f t e r  h ig h  t i d e  a t  B a r a t a r i a  P a s s .  The w a te r  
i s  f lo w in g  o u t  o f  t h e  bay  a t  B a r a t a r i a  P a s s ;  h o w ev er ,  w a te r  i s  
e n t e r i n g  t h e  bay  a t  Caminada and  A b e l  P a s s e s  an d  i s  s h i f t i n g  ( n e a r  
s l a c k  w a t e r  c o n d i t i o n s )  a t  Q u a t r e  Bayou P a s s .  A d e f i n i t e  c i r c u l a t i o n  
p a t t e r n  i s  fo rm ed i n  w hich  t h e  f lo w  i s  from  incom ing  to  o u tg o in g  
w a t e r s .  A p o i n t  s h o u ld  b e  made c l e a r  a t  t h i s  t i m e .  The w a te r  f lo w  
d o e s  n o t  s t o p  a t  low o r  h ig h  t i d e .  W a te rs  hav e  momentum t h a t  k e e p  
them  m oving a f t e r  t h e  l e v e l  o f  t h e  w a te r  h a s  s h i f t e d .  S la c k  
t i d e ,  t h e  p e r i o d  a t  w hich no w a te r  f lo w s  a t  t h e  p a s s e s ,  o c c u r s  
a f t e r  low t i d e  o r  h ig h  t i d e  t im e .
In  F ig u r e  5 . 5 ,  t h e  v e l o c i t y  p r o f i l e s  a r e  shown i n  t h e  bay  a t  
s i x  h o u r s  a f t e r  h ig h  t i d e  a t  B a r a t a r i a  P a s s .  A t t h i s  t im e  th e  
f lo w  i s  o u t  o f  a l l  o f  t h e  p a s s e s .  I t  c an  be  s e e n  from  th e  f i g u r e
TABLE 5.1
TYPICAL VALUES* OF THE CONDITIONS 
FOUND IN THE BARATARIA BAY ESTUARY
VARIABLES 
Wind Speed
Wind A ngle w i th  R e s p e c t  
To G rand I s l e  L in e  **
G u lf  T e m p e ra tu re
G u lf  S a l i n i t y
A i r  Wet Bulb T em p e ra tu re
A i r  T e m p e ra tu re
P r e s s u r e
Range o f  Low T id e  
Range o f  High T ide  
F re q u e n c y
F r e s h  W ate r  R u n o ff  R a te  
F r e s h  W ate r  S a l i n i t y  
F r e s h  W ate r  T e m p e ra tu re
W ate r  D e n s i ty  
Noon S o l a r  R a d i a t i o n
TYPICAL VALUES
5 . 0  ( f t / s e c )
1 .0  (R a d ia n s )
6 0 .0  ( <>F)
2 8 .0  (%)
2 0 .1  (°C )
2 0 .0  (°C )
1 0 0 0 .0  ( M i l l i b a r s )
1 .1  ( f t )
1 .1  ( f t )
One t i d a l  c y c l e  p e r  
20 h o u r
1 0 0 0 .0  ( f t 3 / s e c )
8 .0  (%)
E q u a l  t o  t h e  bay  tem p­
e r a t u r e  a t  a  c o r r e s ­
p o n d in g  d e p th
6 2 .4  ( l b s / f t 3 )
0 .3 3 3 4  (K c a l /m ^ se c )
*  F i r s t  week i n  May, 1970
** 45 w i th  r e s p e c t  t o  th e  E a s t -W e s t  l i n e
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TABLE 5.2
ARROW LENGTHS OF DIFFERENT 
VELOCITY RANGES
V e lo c i ty  Range ( f t / s e c )  A rrow  L en g th  ( i n c h e s )
0 .5  -  o v e r  
0 .1  -  0 .5  
0 .0 0 5  -  0 .1  
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Figure 5.4. Typical Conditions Velocity Profiles. May 1st, 1970, 3 hours after
high tide, 9:00 A.M.
F ig u re  5 .5 .  T y p ic a l  C o n d i t io n s  V e l o c i t y  P r o f i l e s .  May 1 s t ,  1970, ~6 h o u rs  a f t e r  
h ig h  t i d e ,  12 :00  noon.
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Figure 5.6. Typical Conditions Velocity Profiles,
high tide, 3:00 P.M.
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F ig u re  5 .7 . Typical Conditions Velocity Profiles,
low tide, 7:00 P.M.
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May 1 s t ,  1970, 3 h o u rs  a f t e r
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Figure 5.8. Typical Conditions Velocity Profiles, May 1st, 1970, 6 hours after
low tide, 10:00 P.M.
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Figure 5.9. Typical Conditions Velocity Profiles. May 2nd, 1970, 9 hours after
low t i d e ,  1 :00  A.M.
t h a t  B a r a t a r i a  P as s  i s  t h e  p re d o m in a n t  w a te r  o u t l e t  f o r  t h e  
B a r a t a r i a  Bay sy s te m .
In  F ig u r e  5 .6  th e  v e l o c i t y  p r o f i l e s  a r e  shown f o r  t h e  bay  
n i n e  h o u r s  a f t e r  h ig h  t i d e  a t  B a r a t a r i a  P a s s .  T h i s  f i g u r e  i s  
s i m i l a r  t o  t h e  p r e v i o u s  one b u t  t h e  v e l o c i t i e s  shown a r e  l a r g e r  
due t o  a c c e l e r a t i o n  e f f e c t s .
I n  F ig u r e  5 .7  c i r c u l a t i o n  p a t t e r n s  can  be  distinguished three hours 
a f t e r  low t i d e  o f  B a r a t a r i a  P a s s .  The w a te r s  a r e  s t i l l  g o in g  o u t  
o f  t h e  s y s te m  due t o  t h e  momentum o f  w a t e r s  i n s i d e  t h e  b a y .
I n  F ig u r e  5 .3  v e l o c i t y  p r o f i l e s  a r e  shown s i x  h o u r s  a f t e r  low 
t i d e  a t  B a r a t a r i a  P a s s .  F low  h a s  r e v e r s e d  i n  B a r a t a r i a  P a s s ,  and 
w a te r  i s  e n t e r i n g  t h e  s y s te m  a t  t h i s  p o i n t .  H ow ever, t h e  w a te r  a t  the 
o t h e r  p a s s e s  i s  s t i l l  f lo w in g  o u t .  I t  can  be  n o t e d  t h a t  t h e  sp eed  
o f  t h e  w a te r s  l e a v in g  th e  bay  h a s  d e c r e a s e d  s i n c e  t h e  p r e v i o u s  
t im e  shown.
In  F ig u r e  5 .9  v e l o c i t y  p r o f i l e s  a r e  shown n i n e  h o u r s  a f t e r  
low t i d e  occurred  a t  B a r a t a r i a  P a s s .  A l l  p a s s e s  have  in c o m in g  w a t e r s .  
The l a r g e s t  v e l o c i t i e s  a r e  o r i g i n a t e d  by B a r a t a r i a  P a s s ,  a s  was t h e  
c a s e  f o r  t h e  o u tg o i n g  t i d e .
The s a l i n i t y  d i s t r i b u t i o n  p a t t e r n s  t h a t  c o r r e s p o n d  t o  t h e s e  
v e l o c i t y  p r o f i l e s  a r e  shown i n  F i g u r e s  5 .1 0  t o  5 . 1 6 .  F ig u r e  5 .1 0  
shows i s o h a l i n e s  f o r  t h e  bay  one h o u r  a f t e r  h ig h  t i d e .  A t t h i s  
t i m e ,  t h e  d e e p e s t  p e n e t r a t i o n  o f  i s o h a l i n e s  i n t o  t h e  bay  o c c u r s .  
C o n d i t io n s  a r e  c l o s e  t o  s l a c k  w a te r  and  w a t e r  i s  a b o u t  t o  s t o p  
e n t e r i n g  t h e  b ay .
I n  F ig u r e  5 .1 1  i s o h a l i n e s  a r e  shown f o r  t h e  bay t h r e e  h o u r s  
a f t e r  h ig h  t i d e .  I s o h a l i n e s  s t a r t  t o  r e c e d e  to w a rd s  t h e  G u l f .
&Figure 5.10. Typical Conditions Isohalines. May 1st, 1970, 1 hour after
high tide, 7:00 A.M. (Salinity is in 0/00.)
F ig u r e  5 .1 1 .  T y p ic a l  C o n d i t io n s  I s o h a l i n e s .  May 1 s t ,  1970, 3 h o u rs  a f t e r  




F i g u r e  5.12. T y p i c a l  C o n d i t i o n s  I s o h a l i n e s .  May 1st, 1970, 6 h ou rs  a f t e r
h i g h  t i d e ,  12:00 noon .  ( S a l i n i t y  i s  i n  0/00.)
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Figure 5.13. Typical Conditions Isohalines. May 1st, 1970, 9 hours after
high tide, 3:00 P.M. (Salinity is in 0/00.)
F ig u re  5 .1 4 .  T y p ic a l  C o n d i t io n s  I s o h a l i n e s .  May 1 s t ,  1970, 3 h ou rs  a f t e r  




Figure 5.15. Typical Conditions Isohalines. May 1st, 1970, 6 hours after
low tide, 10:00 P.M. (Salinity is in 0/00.)
F ig u r e  5 .1 6 .  T y p ic a l  C o n d i t io n s  I s o h a l i n e s .  May 2nd , 1970, 9 h ou rs  a f t e r  
low t i d e ,  1 :00  A.M. ( S a l i n i t y  i s  in  0 / 0 0 . )
In  F ig u r e  5 .1 2  i s o h a l i n e s  a r e  shown f o r  t h e  bay s i x  h o u r s  a f t e r  
h ig h  t i d e .  The 2 0 o /o o  i s o h a l i n e h a s  moved i n t o  th e  G u lf  a t  Caminada 
P a s s  an d  Q u a t r e  Bayou P a s s .  The 1 5 o /o o  i s o h a l i n e  i s  c l o s e r  t o  t h e  G u lf  
a s  i s  t h e  lO o /o o  i s o h a l i n e .
I n  F ig u r e  5 .1 3  i s o h a l i n e s  a r e  shown f o r  t h e  bay  n i n e  h o u r s  
a f t e r  h ig h  t i d e .  The 2 0 o /o o  i s o h a l i n e  r e m a in s  o n ly  a ro u n d  B a r a t a r i a  
P a s s .  The 1 5o /oo  i s o h a l i n e  i s  c l o s e r  t o  th e  G u l f  b u t  w i th  one 
e x c e p t i o n .  T h i s  e x c e p t i o n  i s  a t  a  p o i n t  b e tw een  Caminada P a s s  
and  B a r a t a r i a  P a s s .  A t t h i s  p o i n t  t h e  1 5 o /oo  i s o h a l i n e  i s  f u r t h e r  
away from  th e  G u lf  th a n  i t  was t h r e e  h o u r s  p r e v i o u s l y .  The r e a s o n  
f o r  t h i s  phenomena i s  t h a t  i n  t h i s  r e g i o n  v e l o c i t i e s  a r e  s m a l l  a t  
t h i s  p a r t i c u l a r  p e r i o d  a n d  d i s p e r s i o n  becom es i m p o r t a n t .  T h e r e f o r e ;  
t h e  s a l i n i t y  a t  t h i s  p o i n t  i n s t e a d  o f  r u s h i n g  o u t  t o  t h e  G u lf  
d i s p e r s e s  i n  t h e  low v e l o c i t y  a r e a .
I n  F ig u r e  5 .1 4  i s o h a l i n e s  a r e  shown f o r  th e  bay  t h r e e  h o u r s  
a f t e r  low t i d e .  A t t h i s  t i m e ,  t h e  i s o h a l i n e s  a r e  moving away from  
th e  G u l f .  The w a t e r s  h a v e  s to p p e d  g o in g  o u t  and  a r e  a b o u t  to  
r e v e r s e .  The 1 5 o /o o  i s o h a l i n e  re m a in s  o n ly  a ro u n d  B a r a t a r i a  P a s s .
I n  F ig u r e  5 .1 5  i s o h a l i n e s  a r e  shown f o r  t h e  bay  s i x  h o u rs  
a f t e r  low t i d e .  The w a t e r s  a r e  e n t e r i n g  t h e  bay from  t h e  G u l f .
The 2 0 o /o o  and  1 5o /oo  i s o h a l i n e s  a r e  a g a i n  found  i n  th e  bay  and a r e  
p r o c e e d in g  i n l a n d .  I n  F i g u r e  5 .1 6  i s o h a l i n e s  a r e  shown f o r  th e  
bay  n i n e  h o u r s  a f t e r  low t i d e .  As c a n  b e  s e e n ,  t h e  15 and  2 0 o /o o  
i s o h a l i n e s  have  r e e n t e r e d  t h e  b a y ,  a n d  a  t i d a l  c y c l e  h a s  b e e n  
c o m p le te d .
The t e m p e r a t u r e s  o f  t h e  bay  t h a t  c o r r e s p o n d  w i th  t h e  above  
m e n t io n e d  v e l o c i t y  p r o f i l e s  and  s a l i n i t y  d i s t r i b u t i o n s  w ere  a l s o
o b t a i n e d .  I t  was found  t h a t  t e m p e r a t u r e s  i n  B a r a t a r i a  Bay a r e  a  
weak f u n c t i o n  o f  v e l o c i t i e s  and d e p th  and a  s t r o n g  f u n c t i o n  o f  
s o l a r  r a d i a t i o n  d u r in g  th e  day  and c o n v e c t io n  a t  n i g h t .  I n  
F ig u r e  5 .1 7  i s o th e r m s  a r e  shown f o r  th e  b ay  s i x  h o u r s  a f t e r  low 
t i d e ,  a t  noon . As can  be s e e n ,  t h e  h i g h e s t  t e m p e r a t u r e s  a r e  i n  
th e  s h a l l o w  a r e a s  o f  t h e  m arsh  and th e  u p p e r  r e a c h e s  o f  th e  b a y ,  
away from  th e  G u l f .  Towards t h e  G u lf ,  t e m p e r a t u r e s  d e c r e a s e  s i n c e  
th e  G u lf  i s  r e l a t i v e l y  c o o l .  I n  F ig u r e  5 .1 8 ,  i s o th e r m s  a r e  shown 
f o r  th e  b a y  s i x  h o u r s  a f t e r  h ig h  t i d e ,  a t  m id n ig h t .  The w a te r  i s  
com ing in  from  t h e  G u l f ,  and th e  c o o l  w a te r  form s th e  61°F i s o th e r m s  
a ro u n d  th e  p a s s e s .  Com paring t h i s  f i g u r e  w i th  t h e  p r e v io u s  o n e ,  i t  
i s  o b s e rv e d  t h a t  t h e  m a rsh es  have  c o o le d  down. The o n ly  w a te r s  
w i t h  t e m p e r a t u r e s  above 80°F a r e  a  s m a l l  r e g i o n  in  t h e  u p p e r  r e a c h e s  
o f  t h e  b a y  w here  t h e  w a te r  i s  r e l a t i v e l y  d eep  (6  f e e t  a s  compared 
w i t h  an  a v e ra g e  w a t e r  d e p th  o f  2 f e e t  i n  th e  m a r s h e s ) .
I n  F ig u r e  5 . 1 9 ,  th e  t e m p e r a tu r e  v a r i a t i o n s  a r e  com pared a t  a 
p o i n t  o f  w a t e r  d e p th  o f  s i x  f e e t  l o c a t e d  n e a r  S t .  M a ry 's  P o in t  w i t h  
a  p o i n t  i n  t h e  m arsh  w here th e  w a te r  d e p th  i s  an  a v e ra g e  o f  two f e e t .  
T hese  l o c a t i o n s  a r e  shown on F ig u r e  5 . 1 8 .  The p o i n t  w hich h a s  a 
w a t e r  d e p th  o f  s i x  f e e t  i s  marked by  a  c i r c l e  and th e  p o in t  w h ich  
h a s  a  w a t e r  d e p th  o f  two f e e t  i s  marked by  a t r i a n g l e .  I t  was 
o b s e rv e d  t h a t  i n  t h e s e  t y p i c a l  c o n d i t i o n s ,  th e  ra n g e  o f  th e  d i u r n a l  
v a r i a t i o n  was 14°F f o r  a  w a te r  d e p th  o f  s i x  f e e t .  T h is  ra n g e  was 
somewhat h i g h e r  (24°F ) f o r  a  w a te r  d e p t h  o f  two f e e t  i n  t h e  m a rsh .
I n  F ig u r e  5 . 2 0 ,  th e  t e m p e r a t u r e  v a r i a t i o n  i s  com pared f o r  a 
m arsh  l o c a t i o n  s e v e n  m i le s  in l a n d  (shown by  a  c i r c l e  in  F ig u r e  5 .1 8 )  
w i t h  th e  t e m p e r a t u r e  v a r i a t i o n  f o r  a  m arsh  l o c a t i o n  two m i le s  in l a n d
F ig u r e  5 .1 7 .  T y p ic a l  C o n d i t io n s  I s o th e r m s .  May 1 s t ,  1970, a t  12 :00  noon, 
6 h o u rs  a f t e r  h ig h  t i d e .  (T em p era tu re  i s  in  d e g re e s  F . )
S3
Figure 5.18. Typical Conditions Isotherms. May 1st, 1970, at 10:00 P.M.



















P o in t  o f  w a te r  d e p th  o f  s i x  f e e t—  V
50 P o in t  o f  w a te r  d e p th  o f  two f e e t
0 20 3010 40 50
Time ( h o u r s )
.1 9 .  T y p ic a l  C o n d i t io n s  T em p era tu re  V a r i a t i o n  a t  L o c a t io n s  o f  D i f f e r e n t  
D epths .  May 1 s t  and May 2nd, 1970 ( S t a r t i n g  a t  May 1 s t ,  6 :00  A .M .).  


















P o in t  i n  m arsh  se v e n  m i le s  from th e  G u lf .
50 P o in t  i n  m arsh  two m i le s  from th e  G u lf .
10 2 00 30 40
Time (h o u r s )
F ig u r e  5 .2 0 .  T y p ic a l  C o n d i t io n s  T em pera tu re  V a r i a t i o n  At L o c a t io n s  o f  D i f f e r e n t
D is ta n c e  t o  th e  G u lf .  May 1 s t  and May 2nd , 1970 ( S t a r t i n g  a t  May 1 s t ,  6 :0 0  P .M .) .  
See F ig u r e  5 .1 8  f o r  l o c a t i o n  o f  p o i n t s .
( c l o s e  t o  th e  G u l f  and shown by  a  s q u a r e  i n  F ig u r e  5 . 1 8 ) .  As c a n  be 
s e e n ,  th e  t e m p e r a tu r e  v a r i a t i o n  o f  th e  p o i n t  n e a r  th e  G u lf  i s  dampened 
when com pared t o  th e  t e m p e r a t u r e  o f  th e  in l a n d  m arsh  p o i n t .  The 
r e a s o n  f o r  t h i s  e f f e c t  i s  t h a t  t h e  G u lf  w a t e r  h a s  m o d e ra t in g  e f f e c t s  
on th e  t e m p e r a t u r e  o f  t h e  p o i n t s  n e a r  t h e  t i d a l  p a s s e s .
I t  was found  t h a t  f o r  t y p i c a l  c o n d i t i o n s ,  th e  e f f e c t s  o f  wind 
w ere  s m a l l .  F o r  th e  t y p i c a l  c o n d i t i o n s ,  w ind a f f e c t e d  w a te r  v e l o c i ­
t i e s  i n  t h e  b ay  by  l e s s  t h a n  0 .001% . L e e n d e r t s e  (R e f .  5 .5 )  r e p o r t s  
t h a t  e f f e c t s  o f  a  2 0 -k n o t  w ind on J a m a ic a  Bay a r e  " i n s i g n i f i c a n t " .  
H owever, w inds  do a f f e c t  t h e  b a y .  Winds b lo w in g  o v e r  th e  G u lf  a f f e c t  
t h e  h e i g h t s  o f  t h e  t i d e  a t  t h e  p a s s e s ,  and t h i s  i n  t u r n  a f f e c t s  th e  
f lo w  in  th e  b a y .
H igh  F r e s h  W ater  R u n o ff
B a r a t a r i a  Bay i s  p a r t  o f  a  h y d r o l o g i c a l  u n i t  o f  l a r g e  a r e a  
bounded b y  t h e  M i s s i s s i p p i  R i v e r  and Bayou L a f o u r c h e .  A l l  th e  r u n ­
o f f  from  r a i n f a l l  t h a t  i s  c o l l e c t e d  b y  t h i s  a r e a  f lo w s  to  th e  G u lf  
th ro u g h  B a r a t a r i a  Bay. The f r e s h  w a t e r  t h a t  e n t e r s  B a r a t a r i a  Bay 
th ro u g h  i t s  u p p e r  r e a c h e s  when mixed w i th  w a t e r  from  th e  G u l f ,  p r o ­
d u c e s  t h e  s a l i n i t y  c o n d i t i o n s  n e c e s s a r y  f o r  t h e  m a r in e  l i f e  th a n  an 
e s t u a r y  s u p p o r t s .  S a l i n i t y  e f f e c t s  a r e  o f  p r im a ry  im p o r ta n c e  t o  th e  
c o m m e rc ia l ly  im p o r ta n t  s p e c i e s  t h a t  e x i s t  i n  B a r a t a r i a  Bay. F o r  
e x am p le ,  o y s t e r s  have  an  optimum ra n g e  o f  s a l i n i t y  i n  w h ich  th e y  
t h r i v e .  I f  s a l i n i t y  i s  to o  h i g h ,  t h e  o y s t e r  d r i l l  c a n  a p p e a r  and 
e s s e n t i a l l y  w ipe o u t  e n t i r e  o y s t e r  r e e f s  w i t h i n  s e v e r a l  w eeks t im e .  
C o n t r o l  o f  s a l i n i t y  i n  o y s t e r  p ro d u c in g  a r e a s  i s  o f  g r e a t  im p o r ta n c e .  
A c a s e  o f  h ig h  f r e s h  w a t e r  r u n o f f  e n t e r i n g  t h e  b ay  was ru n  i n  o r d e r  
t o  show th e  c a p a b i l i t y  o f  t h e  model t o  p r e d i c t  b e h a v i o r  o f  i s o h a l i n e s  
u n d e r  d i f f e r e n t  f r e s h  w a t e r  i n f l o w  c o n d i t i o n s .
D ata  f o r  f r e s h  w a te r  r u n o f f  i n t o  B a r a t a r i a  Bay w ere o b ta in e d
from  G a g l i a n o ,  e t  a l  (R e f .  5 . 2 ) .  T y p i c a l  a v e r a g e  d a i l y  r u n o f f
3
i n t o  B a r a t a r i a  Bay was found  t o  be  1 ,0 0 0  f t  / s e c .  F o r  th e  c a s e
3
o f  h ig h  f r e s h  w a te r  r u n o f f  a  v a l u e  o f  3 ,0 0 0  f t  / s e c  was u s e d .  
G a g l i a n o  (R e f .  5 . 2 )  r e p o r t s  c o n d i t i o n s  o f  f r e s h  w a te r  r u n o f f
3
up t o  s i x  t i m e s  t h e  a v e r a g e  v a l u e .  The f i g u r e  o f  3 ,0 0 0  f t  / s e c  
i s  a  r e a l i s t i c  f i g u r e  f o r  a  h ig h  f r e s h  w a te r  r u n o f f  c a s e .
S o l u t i o n s  w ere  o b t a i n e d  f o r  t h i s  h ig h  f r e s h  w a te r  r u n o f f  c a s e ,  
a n d ,  a s  w i th  t h e  r e s u l t s  f o r  t y p i c a l  c o n d i t i o n s ,  a  q u a s i - s t e a d y  
s t a t e  was r e a c h e d  i n  t h r e e  t i d a l  c y c l e s .  The r e s u l t s  o b t a i n e d  a r e  
shown a t  i n t e r v a l  c o r r e s p o n d in g  w i th  t y p i c a l  c o n d i t i o n s  ( p r e v i o u s l y  
shown) i n  F i g u r e s  5 .2 1  t o  5 .2 6 .  R e f e r r i n g  t o  t h e s e  f i g u r e s  th e  
e x p e c te d  r e s u l t s  a r e  o b t a i n e d  o f  h a v in g  th e  i s o h a l i n e s  moved c l o s e r  
t o  t h e  G u l f .  I n  t h i s  p a r t i c u l a r  c a s e ,  t r i p l i n g  th e  f r e s h  w a te r  
r u n o f f  r a t e  was fo u n d  t o  move t h e  15o /oo  i s o h a l i n e  one t h i r d  t o  
one h a l f  m i le  c l o s e r  t o  t h e  G u lf  d e p e n d in g  on t h e  r e l a t i v e  l o c a t i o n  
t o  B a r a t a r i a  P a s s .  The i n f o r m a t i o n  shown i n  t h e s e  f i g u r e s  c o u ld  
b e  e x t r a p o l a t e d  o r  i n t e r p o l a t e d  f o r  o t h e r  v a l u e s  o f  r u n n o f f .  
H ow ever, e x t r a p o l a t i o n  c a n  b e  made o n ly  on t h e  open  bay r e g i o n  
b e h in d  th e  p a s s e s .  N o n - l i n e a r i t i e s  g e n e r a t e d  by i s l a n d s  and  o t h e r  
b a r r i e r s  would  r e q u i r e  t h e  p ro g ram  t o  be  ru n  f o r  t h e  s p e c i f i c  
c a s e  u n d e r  s tu d y  f o r  a n  a c c u r a t e  p r e d i c t i o n  o f  t h e  p o s i t i o n  o f  
t h e  i s o h a l i n e s .  I n  F i g u r e  5 .2 6  t h e  e f f e c t  o f  t h e s e  n o n - l i n e a r i t i e s  
a r e  shown. The 1 5 o /oo  i s o h a l i n e s  shown c r o s s  eac h  o t h e r  a t  a  p o i n t  




High F r e s h  W ater R unoff
T y p ic a l  C o n d i t io n s
Figure 5.21. Comparison of High Fresh Water Runoff Isohalines with Typical Conditions
Isohalines. Three hours after high tide. (Salinity is in 0/00.)
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High F re s h  W ater R unoff
T y p ic a l  C o n d i t io n s
Figure 5.22. Comparison of High Fresh Water Runoff Isohalines with Typical Conditions
Isohalines. six hours after high tide. (Salinity is in 0/00.)
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High F re s h  W ater R unoff
T y p ic a l  C o n d i t io n s
Figure 5.23. Comparison of High Fresh Water Runoff Isohalines with Typical Conditions
Isohalines. Nine hours after high tide. (Salinity is in 0/00.)
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High F re s h  W ater R unoff
T y p ic a l  C o n d i t io n s
F ig u re  5 .2 4 .  Com parison o f  High F re s h  W ater R unoff  I s o h a l i n e s  w i th  T y p ic a l  C o n d i t io n s  
I s o h a l i n e s .  Three  h o u rs  a f t e r  low t i d e .  ( S a l i n i t y  i s  in  0 / 0 0 . )
High F re s h  W ater R unoff
© e e 9  ♦ T y p ic a l  C o n d i t io n s
F ig u r e  5 .2 5 .  Com parison o f  High F re s h  W ater R unoff  I s o h a l i n e s  w i th  T y p ic a l  C o n d i t io n s  
I s o h a l i n e s .  S ix  h o u rs  a f t e r  low  t i d e .  ( S a l i n i t y  i s  in  0 / 0 0 . )
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High F re s h  W ater R unoff
T y p ic a l  C o n d i t io n s
F ig u r e  5 .2 6 .  Comparison o f  High F r e s h  W ater R unoff  I s o h a l i n e s  w i th  T y p ic a l  C o n d i t io n s  
I s o h a l i n e s .  N ine h o u rs  a f t e r  low  t i d e .  ( S a l i n i t y  i s  in  0 / 0 0 . )
Drop i n  G u lf  S a l i n i t y  Due to  M i s s i s s i p p i  R iv e r  W ater  
O c c a s i o n a l l y ,  t h e  m e an d e r in g  w a te r s  o f  t h e  M i s s i s s i p p i  R iv e r  
sweep i n  f r o n t  o f  B a r a t a r i a  Bay and  c a u s e  th e  G u lf  s a l i n i t y  to  
d e c r e a s e  m a rk e d ly .  A se e m in g ly  im p o s s ib l e  c o n d i t i o n  a p p e a r s  i n  
t h e  b a y :  s a l i n i t y  i s  h i g h e s t  a t  a  p o i n t  i n s i d e  t h e  bay  a n d  d e c r e a s e s  
to w a rd s  t h e  G u l f .  The c a s e  ru n  was su ch  t h a t  s a l i n i t y  was d ro p p ed  
t o  lO o /oo  a t  h ig h  t i d e .  A lth o u g h  t h i s  phenomena h a s  b een  r e p o r t e d  i n  
t h e  l i t e r a t u r e  G a g l i a n o ,  e t  a l  ( R e f .  5 . 8 ) ,  no d a t a  i s  a v a i l a b l e  
on  t h e  r a n g e  o f  s a l i n i t y  d ro p  due t o  t h i s  phenom ena. T h i s  
phenomena i s  r a r e , a n d  i t  may a p p e a r  once  a  y e a r .  However, i t  does  
n o t  p e r s i s t  f o r  more t h a n  a b o u t  a  two day  p e r i o d .
R e s u l t s  o f  t h i s  r u n  a r e  com pared t o  t h e  t y p i c a l  c o n d i t i o n s  a t  
one  h o u r  a f t e r  h ig h  t i d e  i n  F i g u r e s  5 .2 7  to  5 . 2 8 . ,  and  t h e n  t h r e e  
h o u r s  a f t e r  h ig h  t i d e  i n  F ig u r e  5 . 2 9 .  As can  b e  s e e n  i n  F i g u r e s
5 .2 8  a n d  5 . 2 9 ,  t h e  sudden  d ro p  o f  G u l f  s a l i n i t y  c r e a t e s  c o n d i t i o n s  
t h a t  a r e  u n u s u a l .  P o c k e t s  o f  h ig h  s a l i n i t y  a r e  c r e a t e d  i n  f r o n t  
o f  t h e  p a s s e s ,  a  c o n d i t i o n  n o t  e n c o u n te r e d  u n d e r  any  o t h e r  
c i r c u m s t a n c e s .  T h i s  same phenomena t h a t  was r e p o r t e d  by G a g l i a n a  
(R e f .  5 . 8 )  f o r  a  s i t u a t i o n  i n  w h ich  th e  G u l f  s a l i n i t y  d ro p p ed  from  
2 8 o /o o  t o  2 0 o /o o .  H igh  s a l i n i t y  p o c k e t s ,  l i k e  t h e  ones  shown i n  F ig u r e
5 .2 8  an d  5 . 2 9 ,  w ere  o b s e rv e d  i n s i d e  B a r a t a r i a  Bay.
Cold F r o n t  P a s s a g e  
C o ld  f r o n t s  a r e  t y p i c a l  w e a th e r  phenomena i n  B a r a t a r i a  Bay
i n  w i n t e r  a n d  e a r l y  s p r i n g .  The m o d e l in g  o f  t h e s e  c o n d i t i o n s  i s  o f
i n t e r e s t  a s  t h e  c o m m e rc ia l ly  im p o r t a n t  s p e c i e s ,  m a in ly  s h r im p ,  a r e
h i g h l y  s u s c e p t i b l e  t o  sud d en  t e m p e r a t u r e  c h a n g e s .  A s e v e r e  c o ld
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Figure 5.27. Isohalines at Typical Conditions. May 1st, 1970. One hour after high
tide, 7:00 A.M. (Salinity is in 0/00.)
F ig u re  5 .2 8 .  I s o h a l i n e s  a t  D ropping  G u lf  S a l i n i t y  Due to  M i s s i s s i p p i  R iv e r  W a te rs .  
One h o u r  a f t e r  h ig h  t i d e .  ( S a l i n i t y  i s  i s  0 / 0 0 . )
F ig u r e  5 .2 9 .  I s o h a l i n e s  a t  D ropping  G u lf  S a l i n i t y  Due to  M i s s i s s i p p i  R iv e r  W a te rs .  
T hree  h o u rs  a f t e r  h ig h  t i d e .  ( S a l i n i t y  i s  in  0 / 0 0 . )
f r o n t  a t  th e  t im e  o f  j u v e n i l e  sh r im p  m i g r a t i o n  i n t o  th e  e s t u a r y  
c an  have  s e r i o u s  e f f e c t s  on th e  s h r im p in g  s e a s o n  (R e f .  5 . 9 ) .
A c o ld  f r o n t  p a s s i n g  th ro u g h  th e  B a r a t a r i a  Bay a r e a  was 
m odeled  by c r e a t i n g  c lo u d y  c o n d i t i o n s  fo l lo w e d  by c l e a r  s k i e s ,  a 
d ro p  in  a m b ie n t  t e m p e r a t u r e  o f  2 0 °F and  a  d ro p  8 °F  i n  th e  w et 
b u lb  t e m p e r a t u r e  f o r  a  p e r i o d  o f  12 h o u r s .  The f r o n t  moved 
th ro u g h  th e  a r e a  a t  1 0 :0 0  A.M.
R e s u l t s  a r e  shown f o r  a  s h a l l o w  p o i n t  (w a te r  d e p th  o f  two 
f e e t ) ,  and a  deep  p o i n t  ( w a te r  d e p th  o f  s i x  f e e t )  i n  F ig u r e  5 .3 0 .  
T y p ic a l  c o n d i t i o n s  o v e r  a  two d ay  p e r io d  a r e  com pared to  c o n d i t i o n s  
f o r  t h e  c o l d  f r o n t  p a s s a g e  i n  F ig u r e  5 .3 0  f o r  a  s h a l l o w  p o i n t  and 
in  F ig u r e  5 .3 1  f o r  a  d e e p  p o i n t .  The p a s s a g e  o f  th e  c o ld  f r o n t  
h a s  a much more p rono u n ced  e f f e c t  i n  a  s h a l l o w  p o i n t  th a n  i n  a  
d e e p  p o i n t .  The t e m p e r a tu r e  i n  a  s h a l l o w  p o i n t  d r o p s  10°F from 
t y p i c a l  c o n d i t i o n s ,  t h e  t e m p e r a t u r e  a t  t h e  d e e p e r  p o i n t  d ro p s  o n ly  
3°F .
T i d a l  Wave E f f e c t s
The B a r a t a r i a  Bay a r e a  i s  s u b j e c t e d  t o  h u r r i c a n e s ,  and  th e y  
c a n  have  d e v a s t a t i n g  e f f e c t s  on th e  r e g i o n s ,  e s p e c i a l l y  th e  b io lo g y  
o f  th e  e s t u a r y .  The a b i l i t y  t o  p r e d i c t  h u r r i c a n e  e f f e c t s  on 
B a r a t a r i a  Bay i s  o f  o u tm o s t  im p o r ta n c e .  The c o n d i t i o n s  s im u l a t e d  
was th e  one o r i g i n a t e d  by H u r r i c a n e  C a m i l l e ,  A ugust 17, 1969. For 
t h i s  h u r r i c a n e  t i d a l  h e i g h t s  a t  t h e  i n l e t s  o f  B a r a t a r i a  Bay w ere  
m easu red  a t  tw ic e  th e  n o rm a l t i d a l  r a n g e .  R e s u l t s  w ere  o b t a i n e d  
f o r  v e l o c i t y  p r o f i l e s ,  s a l i n i t y ,  and  t e m p e r a t u r e  d i s t r i b u t i o n s  f o r  
th e  p a s s a g e  o f  th e  h u r r i c a n e .  S a l i n i t y  e f f e c t s  a r e  shown i n  F ig u r e s  
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T em pera tu re  V a r i a t i o n  a t  a P o in t  o f  W ater Depth o f  Two F e e t  i n  B a r a t a r i a  Bay
Showing a Cold F ro n t  P assag e  a t  30 h o u r s ,  May 1 s t  and 2nd, 1970. ( S t a r t i n g  
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.3 1 .  T em pera tu re  V a r i a t i o n  a t  a P o in t  o f  W ater D epth o f  S ix  F e e t  i n  B a r a t a r i a  Bay 
Showing a Cold F r o n t  P assa g e  a t  30 h o u r s ,  May 1 s t  and 2nd, 1970. ( S t a r t i n g  
May 1 s t ,  6 :0 0  A.M.) .
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Figure 5.32. Tidal Wave Effects Isohalines. Two hours after low tide. (Salinity is in 0/00.)
Figure 5.33. Tidal Wave Effects Isohalines. Four hours after low tide. (Salinity is in 0/00.)




Figure 5.34. Tidal Wave Effects Isohalines. Six hours after low tide. (Salinity is in 0/00.)
. 2 0  Cj>
Figure 5.35. Tidal Wave Effects Isohalines. Eight hours after low tide. (Salinity is in 0/00.)
F ig u re
T y p ic a l  C o n d i t io n s  
T id a l  Wave C o n d i t io n s
5 .3 6 .  T id a l  Wave E f f e c t s  I s o h a l i n e s .  Compared to  T y p ic a l  C o n d i t io n s  I s o h a l i n e s .  
Ten h o u rs  a f t e r  low t i d e .  ( S a l i n i t y  i s  in  0 / 0 0 . )
th a n  i n  t y p i c a l  c o n d i t i o n s .  T h is  c a n  be s e e n  i n  F ig u r e  5 .3 6 .  
T e m p e ra tu re s  i n  th e  bay  w a te r s  w ere  n o t  g r e a t l y  changed  s i n c e  th e  
G u lf  t e m p e r a tu r e  and bay  t e m p e r a t u r e  a r e  n o t  d r a s t i c a l l y  d i f f e r e n t .
C i r c u l a t i o n  p a t t e r n s  w ere  s i m i l a r  t o  t h e  c i r c u l a t i o n  p a t t e r n s  
found i n  n o rm a l c o n d i t i o n s .  H owever, v e l o c i t i e s  w ere  found to  be 
tw ic e  th e  v e l o c i t i e s  o f  t y p i c a l  c o n d i t i o n s .  S i m i l a r l y ,  t i d a l  
h e i g h t s  d o u b le d  th e  no rm al t i d a l  v a r i a t i o n .  F o l lo w in g  t h i s  t i d a l  
w ave, no rm al c o n d i t i o n s  w ere  u se d  f o r  two t i d a l  c y c l e s .  From th e s e  
r u n s  i t  c o u ld  be s e e n  t h a t  th e  b ay  w ould  r e t u r n  t o  s t a n d a r d  c o n d i ­
t i o n s  i n  f i v e  t i d a l  c y c l e s .
R e s u l t s  o b t a i n e d  f o r  t h i s  s i m u l a t i o n  c o u ld  n o t  be com pared to  
some d a t a  w h ich  was a v a i l a b l e  a t  A i r p l a n e  Lake b e c a u s e  th e  o t h e r  
d a t a  w h ich  was on r e c o r d  was n o t  s u f f i c i e n t  t o  f u r n i s h  a l l  o f  th e  
n e c e s s a r y  i n i t i a l  and b o u n d a ry  c o n d i t i o n s  t o  th e  m odel H u r r ic a n e  
C a m i l l e .
C om parison  o f  R e s u l t s  w i t h  F i e l d  D a ta  and O th e r  I n v e s t i g a t o r s  
C om parison  w i th  F i e l d  D a ta
In  th e  v a l i d a t i o n  o f  hydrodynam ic  m o d e ls  o f  t h i s  ty p e ,  c o m p a r i ­
so n s  a r e  u s u a l l y  made w i t h  t i d a l  gauges  l o c a t e d  th r o u g h o u t  th e  
e s t u a r y .  W ith t h i s  ty p e  o f  d a t a ,  i t  i s  n o t  n e c e s s a r y  t o  m e a su re  th e  
c o r r e s p o n d in g  v e l o c i t i e s  s i n c e  th e y  a r e  r e l a t e d  t o  th e  t i d a l  h e i g h t s  
by th e  c o n t i n u i t y  e q u a t i o n .  The t i d a l  h e i g h t  f i e l d  d a t a  s u i t a b l e  
f o r  c o m p a r iso n  w i t h  th e  B a r a t a r i a  Bay Model w ere  t i d a l  r e c o r d s  a t  
A i r p l a n e  Lake k e p t  by th e  LSU Sea G ra n t  Program  (R e f .  5 . 3 ) .  A 
c o m p a r iso n  o f  model r e s u l t s  and  f i e l d  d a t a  i s  shown i n  F ig u r e  5 .3 7  
f o r  J a n u a r y  20 and 21 , 1970 a t  A i r p l a n e  L ak e .  The s i m u l a t i o n  
a c c u r a t e l y  p r e d i c t e d  t h e  f i e l d  d a t a ,  and th e  maximum d e v i a t i o n  a t
any  one t im e  was 15%. The r e a s o n  f o r  th e  h i g h e r  a m p l i t u d e  o f  th e  
f i e l d  d a t a  i s  due to  c a n a l s  t h a t  l e a d  d i r e c t l y  from th e  m ain  body 
o f  th e  b ay  t o  th e  A i r p l a n e  Lake l o c a t i o n .  T i d a l  v a r i a t i o n s  a t  
B a r a t a r i a  P as s  from th e  r e c o r d s  o f  t h e  L o u i s i a n a  W i l d l i f e  and 
F i s h e r i e s  Com m ission (R e f .  5 . 1 )  w ere  u sed  a s  th e  b o u n d a ry  c o n d i ­
t i o n s  f o r  t h e  Hydrodynamic Model t o  make th e s e  p r e d i c t i o n s  a t  
A i r p l a n e  L a k e .
The A i r p l a n e  Lake l o c a t i o n  was th e  o n ly  one w i th  d a t a  a v a i l a b l e  
f o r  m odel v e r i f i c a t i o n .  More p o i n t s  th r o u g h o u t  th e  bay  would have 
b e e n  h i g h l y  d e s i r a b l e ,  b u t  t h e  c o s t  f o r  a d d i t i o n a l  i n s t r u m e n t s  was 
p r o h i b i t i v e .  A c o m p le te  f i e l d  d a t a  g e t h e r i n g  p rog ram , a s  th e  one 
u s e d  by L e e n d e r t s e  (R e f .  5 . 5 )  i n  J a m a ic a  Bay, c a n  c o s t  upw ards o f  
one m i l l i o n  d o l l a r s .
An im p o r t a n t  p o i n t  t o  n o te  i s  t h a t  th e  A i r p l a n e  Lake gauge i s  
l o c a t e d  w i t h i n  t h e  m arsh  and n o t  i n  th e  open  w a te r s  o f  th e  b a y .
T h u s ,  i t  was p o s s i b l e  t o  show t h a t  th e  Hydrodynam ic Model can  a c c u ­
r a t e l y  p r e d i c t  t i d a l  v a r i a t i o n s  i n  m arsh  a r e a s  c o n n e c te d  t o  th e  
open  b a y .  T h is  i s  th e  f i r s t  t im e  t h a t  t i d a l  v a r i a t i o n s  and l o c a l  
a v e r a g e  w a te r  v e l o c i t i e s  have  b een  m odeled  in  c o a s t a l  m a rs h e s .  The 
c l o s e s t  w ork  t o  t h i s  was r e p o r t e d  by L e e n d e r t s e  (R e f .  2 .1 2 )  i n  th e  
m o d e l in g  o f  t i d a l  f l a t s  i n  J a m a ic a  Bay. I t  c a n  be s a i d  t h a t  th e  
H ydrodynam ic Model a c c u r a t e l y  r e p r e s e n t s  th e  f low  i n  t h e  m a rsh ,  and 
i t  a l s o  r e p r e s e n t s  th e  f lo w  i n  t h e  open  b ay  a s  w e l l .  T h is  c o n c l u ­
s i o n  i s  b a s e d  on th e  f a c t  t h a t  t h e  Hydrodynamic Model i s  th e  same 
m odel t h a t  was em ployed  t o  m odel J a m a ic a  Bay (R e f .  2 .1 2 )  and G a lv e s to n  
Bay (R e f .  2 . 1 4 ) .
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F ig u r e  5 .3 7 .  Computer S im u la t i o n  o f  T id es  o f  J a n u a ry  20 and 21 , 1970, compared w i th  
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A i r p l a n e  L a k e
20
16 -
4  D a t a  t a k e n  in M a r c h , 1 969  
—  C o m p u t e r  s i m u l a t i o n
N i g h t t i m eD a y t i m e
24 86 8 12 2 6 10 12 410
Ti me  ( Hour s )
F ig u r e  5 .3 8 .  Com puter S im u l a t i o n  o f  T em p e ra tu re  V a r i a t i o n  a t  
A i r p l a n e  L ak e ,  March 19 , 1969. C om parison  w i th  
F i e l d  D a ta .
made be tw een  f i e l d  t e m p e r a t u r e  d a t a  and model r e s u l t s .  T e m p e ra tu re  
v a r i a t i o n  d a t a  w ere  ta k e n  by  Sm ith  (R e f .  5 .1 0 )  a t  t h e  A i r p l a n e  Lake 
l o c a t i o n  th e  day  o f  March 19 , 1969. A c o m p a r is o n  o f  th e  model and 
t h i s  d a t a  i s  shown i n  F ig u r e  5 . 3 8 .  R e f e r r i n g  to  th e  f i g u r e ,  th e  
m odel d e s c r i b e d  th e  d a t a  w i t h i n  th e  a c c u r a c y  o f  th e  m e a su re m e n ts .
In  v a l i d a t i o n  o f  s a l i n i t y  t r a n s p o r t  m o d e ls ,  c o m p a r is o n s  a r e  
u s u a l l y  made o f  i s o h a l i n e s  m e asu re d  in  th e  f i e l d  w i th  model r e s u l t s .  
F o r  B a r a t a r i a  Bay, th e  o n ly  a v a i l a b l e  i s o h a l i n e  d a t a  a r e  m o n th ly  
a v e ra g e  i s o h a l i n e s  r e p o r t e d  by G a g l ia n o  (Reg. 5 . 8 ) .  U s in g  t h i s  d a t a ,  
a  c o m p a r is o n  was d e v e lo p e d  f o r  March 1961. T h is  d a t a  i s  com pared to  
a  com puted d a i l y  a v e r a g e  i n  F ig u r e s  5 .3 9  and 5 .4 0 .  A lso  shown in  
t h e s e  f i g u r e s  a r e  t h e  h ig h  and  low t i d e ,  lO o /o o  i s o h a l i n e  l i n e s  f o r  
c o m p a r is o n .  The d i s a d v a n t a g e s  o f  th e  f i e l d  d a t a  i s  t h a t  i t  o n ly  
c o v e r s  t h e  open  bay  w a t e r s  l o c a t e d  d i r e c t l y  b e h in d  B a r a t a r i a  P a s s ,  
and  does  n o t  i n c lu d e  th e  r e s t  o f  th e  bay  s y s te m .
In  c o n c l u s i o n ,  t h e  Hydrodynam ic M odel,  th e  E n erg y  T r a n s p o r t  
Model and th e  M a t e r i a l s  T r a n s p o r t  Model a c c u r a t e l y  p r e d i c t  t i d a l  
v a r i a t i o n s ,  v e l o c i t y  p r o f i l e s ,  and  t e m p e r a t u r e  and s a l i n i t y  d i s t r i b u ­
t i o n s  i n  th e  m arsh  and i n  th e  open  b a y .  T h is  i s  b a se d  on c o m p a r iso n s  
w i th  th e  l i m i t e d  a v a i l a b l e  d a t a  f o r  th e  s y s te m .  F u r t h e r  s u b s t a n t i a t i o n  
i s  g iv e n  i n  th e  n e x t  s e c t i o n .
C om parison  w i th  O th e r  I n v e s t i g a t o r s
Of t h e  hyd rodynam ic  m ode ls  r e p o r t e d  i n  th e  l i t e r a t u r e ,  t h e r e  
a r e  two t h a t  r e p r e s e n t  b a y s  t h a t  h av e  hyd rodynam ic  c h a r a c t e r i s t i c s  
c l o s e  t o  t h a t  o f  B a r a t a r i a  Bay. These  two a r e  th e  G a lv e s to n  Bay 
m odel r e p o r t e d  by  Masch (R e f .  5 .1 1 )  and th e  Ja m a ic a  Bay model 
r e p o r t e d  by L e e n d e r t s e  (R e f .  5 . 5 ) .  V e l o c i t i e s  c a l c u l a t e d  by t h e s e
 --------- High T ide  15 / oo I s o h a l i n e
- I — i—<— l ow x id e  1 5 ° /o o  I s o h a l i n e  
+ ■  +  • + Computed D a i ly  A verage 
+  +  1" +  M onthly  A verage D ata
F ig u r e  5 .3 9 .  Comgarison o f  D a i ly  Computed A verage and M onthly A verage D a ta  f o r  th e  
15 /o o  I s o h a l i n e  i n  B a r a t a r i a  Bay a t  S im i l a r  C o n d i t io n s .
---------------  High T id e  10 /o o  I s o h a l i f t e
---------------  Low T ide  10 /o o  I s o h a l i n e  x-
1— *■•+•+ Computed D a i ly  A verage 
+  + T +  M onthly A verage D ata
F ig u re  5 .4 0 .  Com garison o f  D a i ly  Computed A verage and M onthly  A verage D ata  f o r  th e  
• 10 l o o  I s o h a l i n e  i n  B a r a t a r i a  Bay a t  S im i l a r  C o n d i t io n s .
TABLE 5.3
RANGE OF VELOCITIES (FEET/SECOND) CALCULATED 
BY DIFFERENT MODELS IN SIMILAR ESTUARINE BAYS
R egion
Model E n t r a n c e s  M idd le  R eg io n  B o u n d a r ie s
J a m a ic a  Bay Model 1 . 0 - 3 . 0  0 .5  -  1 .0  0 -  0 .5
(R e f .  5 . 5 )
G a lv e s to n  Bay Model 1 . 0 - 4 . 0  0 . 4  - 1 .0  0 -  0 .4
(R e f .  5 . 9 )
B a r a t a r i a  Bay Model 1 . 0 - 4 . 0  0 . 3  - 0 . 8  0 - 0 . 3
two m ode ls  a r e  compared to  th e  B a r a t a r i a  Bay model r e s u l t s  in  T ab le  
5 . 3 .  As can  be s e e n ,  th e  v e l o c i t y  ra n g e s  a r e  v e r y  c l o s e  among th e  
m ode ls  p r e s e n t e d .  A lth o u g h  i t  was n o t  j u s t i f i e d  t o  r e p e a t  th e  c a l c u ­
l a t i o n s  f o r  t h e s e  b a y s ,  t h i s  c o m p ar iso n  s e r v e s  t o  show t h a t  e s s e n t i a l l y  
t h e  same r e s u l t s  would be o b t a i n e d .
An e n e rg y  t r a n s p o r t  model was p r e s e n t e d  by TRACOR f o r  G a lv e s to n  
Bay (R e f .  5 . 1 2 ) .  I n p u t  d a t a  f o r  a  no c o n v e c t io n  c a s e  p r e s e n t e d  f o r  
G a lv e s to n  Bay was u sed  w i th  th e  B a r a t a r i a  Bay m ode l.  The r e s u l t s  o f  
t h i s  s i m u l a t i o n  a r e  shown i n  F ig u r e  5 .4 1 .  The r e s u l t s  o b t a i n e d  w i th  
th e  B a r a t a r i a  Bay Model w ere  i d e n t i c a l  t o  th e  g r a p h i c a l  r e s u l t s  shown 
by TRACOR.
No p o s s i b l e  c o m p a r iso n s  can  be made f o r  th e  s a l i n i t y  r e s u l t s  
o b t a i n e d  w i th  th e  B a r a t a r i a  Bay m odel and m odels  r e p o r t e d  i n  th e  l i t e r ­
a t u r e  by L e e n d e r t s e  (R e f .  5 .5 )  and  Masch (R e f .  5 . 1 1 ) .  R easons  f o r  
t h e s e  a r e :  d i f f e r e n c e s  in  b a th y m e try  and  i n p u t  c o n d i t i o n s  a r e  so
g r e a t  t h a t  any  c o m p a r iso n  i s  n o t  p o s s i b l e  w i th o u t  a c t u a l l y  s i m u l a t i n g  
th e  b a y s  th e m s e lv e s .  However, i t  can  be s t a t e d  t h a t  r e s u l t s  p r e d i c t e d  
by t h e  m o d e ls  behaved  th e  same i n  a  q u a l i t a t i v e  f a s h i o n .
From th e  above  c o n s i d e r a t i o n s  i t  c a n  be s t a t e d  t h a t  th e  B a r a t a r i a  
Bay m odel i s  co m p a ra b le  i n  b e h a v io r  t o  o t h e r  s i m i l a r  m odels  p r e s e n t e d  
i n  th e  l i t e r a t u r e .
Some R e s u l t s  f o r  th e  Time A veraged  E q u a t io n  o f  M o tio n
Time a v e ra g e d  e q u a t io n s  a r e  o b t a i n e d  by i n t e g r a t i n g  th e  t r a n s p o r t  
e q u a t i o n s  w i th  r e s p e c t  t o  t im e  o v e r  a  t i d a l  c y c l e .  T hese  t im e  a v e r a g e d  
e q u a t i o n s  a r e  d e r iv e d  i n  A ppendix  C. In  t h i s  form th e  e q u a t i o n s  c o u ld  
be i n t e g r a t e d  w i th  t im e  s t e p s  o f  a  t i d a l  c y c l e  and p e r m i t  c o m p u ta t io n s  





O c to b e r  5 
1968
6  12 6  12 6  12 6  12
TIME ( h r s )
F ig u r e  5 .4 1 .  G a lv e s to n  Bay S im u la t i o n  f o r  T em p era tu re ,  O c to b e r  4 and 5 ,  1968, 
U sing  D ata  G iven by TRACOR (R ef .  5 . 1 1 ) .
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t i d a l  c y c l e  would a l l o w  m o d e l in g  o f  lo n g  p e r i o d s  o f  t im e  su ch  as  one 
y e a r  o r  l o n g e r .  T im e -a v e ra g in g  c r e a t e s  e x t r a  te rm s in  th e  e q u a t i o n s ,  
and t h e s e  te rm s  m ust be m odeled  i f  th e y  a r e  o f  im p o r ta n c e .  To a s s e s s  
th e  im p o r ta n c e  o f  th e  te rm s  g e n e r a t e d  by  t i m e - a v e r a g i n g ,  th e  te rm s o f  
th e  t im e  a v e ra g e d  x -com ponen t o f  th e  e q u a t i o n  o f  m o t io n ,
w ere  e v a l u a t e d  o v e r  a  t i d a l  c y c l e .  F o r  c o n v e n ie n c e  th e  r e s u l t s  w ere  
c a l c u l a t e d  n e g l e c t i n g  C o r i o l i s  f o r c e ,  w h ich  i s  known to  be s m a l l ,  
and  th e  s u r f a c e  s t r e s s  w h ich  c o r r e s p o n d s  t o  a  no wind c o n d i t i o n .  As 
shown i n  T a b le  5 . 4 ,  t h e  i n t e g r a l  te rm  r e s u l t i n g  from th e  t im e  a v e r a g ­
in g  i s  o f  th e  same o r d e r  o f  m a g n i tu d e  a s  t h e  l a r g e s t  te rm  in  th e  t im e  
a v e r a g e d  x -com ponen t o f  t h e  e q u a t i o n  o f  m o t io n .  T h is  te rm  i s  t h e  
s l o p e  o f  t h e  w a te r  s u r f a c e  te rm .  As e x p e c t e d ,  th e  c o n v e c t i v e  forms 
a r e  r e l a t i v e l y  s m a l l .
The m o d e l in g  o f  t h e  te rm s  r e s u l t i n g  from th e  t i m e - a v e r a g in g  and 
th e  u se  o f  a  t im e  a v e r a g e d  m odel p ro m is e s  t o  be an  a r e a  f o r  f r u i t f u l  
r e s e a r c h  b e c a u s e  o f  t h e  s a v in g s  i n  c o m p u ta t i o n a l  t im e  f o r  s o l u t i o n s  
w hich  r e q u i r e  lo n g  t im e  p e r i o d s .
N u m e r ic a l  C o n s i d e r a t i o n s  i n  th e  Com puter S o l u t i o n
Of t h e  n u m e r i c a l  t e c h n iq u e s  u s e d ,  t h e  o n ly  ones  t h a t  r e q u i r e  
t h a t  s t a b i l i t y  c r i t e r i a  be  m et a r e  t h e  e x p l i c i t  s o l u t i o n s  o f  th e  
e n e rg y  and  s p e c i e s  t r a n s p o r t  m o d e ls .  T hese  s t a b i l i t y  c r i t e r i a  a r e  
p r e s e n t e d  i n  t h e  l i t e r a t u r e  by TRACOR (R e f .  5 . 4 )  and  Masch (R e f .  5 .1 0 )  
and  w ere  shown i n  C h a p te r  IV a s  E q u a t io n s  4 . 7 5 ,  4 . 7 6 ,  and  4 . 7 7 .  T hese  
c r i t e r i a  w ere  m et f o r  th e  r e s u l t s  shown f o r  B a r a t a r i a  Bay.
(C-46)
1TABLE 5.4
MAGNITUDE OF THE TERMS IN THE TIME-AVERAGED 
X-COMPONENT OF THE EQUATION OF MOTION OVER A TIDAL CYCLE
( f t / h r 2 )
| y + ij M + v| U + g S L + ?b = f  U ' ^ d t  -
3 t  3x By 3x x 3x " By
0 -  0 .1 1 0  -  0 .4 1 2  +  6 5 .4 9  +  0 .3 4 3  = 6 5 .3 1
/
L e e n d e r t s e  (R e f .  2 .9 )  p r e s e n t s  a  s t u d y  o f  th e  hydrodynam ic  model 
u s e d  h e r e .  In  t h i s  s t u d y ,  a  g r e a t  d e a l  o f  e f f o r t  was d e d i c a t e d  to  th e  
p r o o f  o f  s t a b i l i t y  and  c o n v e rg e n c e  o f  th e  n u m e r ic a l  t e c h n iq u e s  u s e d .  
The same t e c h n iq u e  u se d  f o r  t h e  Hydrodynamic Model was u se d  f o r  th e  
S p e c i e s  an d  E n erg y  T r a n s p o r t  M o d e ls .  T h is  t e c h n iq u e  i s  known a s  th e  
A l t e r n a t i n g  D i r e c t i o n s  I m p l i c i t  t e c h n iq u e s  (ADI) and i t  i s  r e f e r e n c e d  
i n  th e  l i t e r a t u r e  ( R e f s .  4 .1  and  4 . 2 )  a s  b e in g  u n c o n d i t i o n a l l y  s t a b l e .  
A ls o  m e n t io n e d  i n  t h e  l i t e r a t u r e  by Ames (R e f .  5 .1 3 )  i s  th e  theo rem  
t h a t  i n  a  w e l l  posed  p ro b le m , s t a b i l i t y  i s  th e  n e c e s s a r y  and s u f f i ­
c i e n t  c o n d i t i o n  f o r  c o n v e rg e n c e .
Two g r i d  s i z e s  w ere  u s e d  t o  e s t a b l i s h  s t a b i l i t y ,  c o n v e rg e n c e  and 
a c c u r a c y .  R e s u l t s  f o r  t i d a l  v a r i a t i o n ,  t e m p e r a tu r e  and  s a l i n i t y  a r e  
com pared  f o r  t h e  two g r i d s  i n  F ig u r e s  5 .4 2  t o  5 .4 4  f o r  a  r e p r e s e n t a ­
t i v e  p o i n t  ( l o c a t e d  7 m i l e s  i n l a n d  from Q u a t r e  Bayou P a s s ) .  R e s u l t s  
f o r  b o th  g r i d  s i z e s  u se d  a r e  c l o s e  b u t  n o t  e q u a l .  T h is  i s  e x p l a in e d  
by  th e  f a c t  t h a t  when u s in g  t h e s e  two d i f f e r e n t  g r i d  s i z e s ,  (1300 
y a r d s  and 1800 y a r d s )  i n  a c t u a l i t y  two d i f f e r e n t  sy s te m s  w ere  b e in g  
m o d e le d .  T h is  i s  b e c a u se  t h e  b a th y m e t ry  i s  n o t  e x a c t l y  th e  same in  
t h e  two s y s t e m s .  The o n ly  way t o  e x a c t l y  r e p r o d u c e  th e  b a th y m e try  
was t o  make t h e  g r i d  one h a l f  o f  th e  g r i d  s i z e  in  th e  n u m e r i c a l  s o l u ­
t i o n s .  T h i s  was im p o s s ib l e  t o  do due t o  com pu te r  s t o r a g e  l i m i t a t i o n s .  
I n  u s i n g  t h e  1800 y a r d s  g r i d  ( s m a l l e s t  number o f  g r i d  p o i n t s  o v e r  th e  
sy s te m ) ,  m ore t h a n  one h a l f  o f  t h e  c o m p u te r ' s  f a s t  s t o r a g e  was u s e d .
I f  th e  g r i d  s i z e  w ere  t o  be h a l v e d ,  t h e  co m p u te r  s t o r a g e  r e q u i r e m e n t s  
w ould  h av e  t o  be q u a d r u p le d ,  and t h i s  was im p o s s ib l e  on th e  sy s te m  
a v a i l a b l e .  C o n s e q u e n t ly ,  i t  was n e c e s s a r y  t o  com prom ise , and  th e  g r i d  
s i z e  o f  1300 y a r d s  consumed 75% o f  th e  c o m p u te rs  f a s t  s t o r a g e .  N a tu ­
r a l l y ,  t h e  s m a l l e r  th e  g r i d  s i z e  i s ,  t h e  l a r g e r  i s  th e  number o f  g r i d  
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F ig u r e  5 .4 2 .  Comparison o f  D i f f e r e n t  G rid  S i z e s .  T i d a l  A m plitude  V a r i a t i o n .  P o in t  a t  
Seven M ile s  I n la n d  from  Q u a tre  Bayou P a s s .  May 1 s t  and 2nd, 1970. 
( S t a r t i n g  May 1 s t ,  6 :0 0  A .M .) .
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F ig u re  5 .4 3 .  Com parison o f  D i f f e r e n t  G rid  S i z e s .  T em p era tu re  V a r i a t i o n .
Seven M ile s  I n la n d  from  Q u a tre  Bayou P a s s .  May 1 s t .  and 2nd, 
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F ig u r e  5 .4 4 .  Com parison o f  D i f f e r e n t  G rid  S i z e s .  S a l i n i t y  V a r i a t i o n .  P o in t  a t  
Seven M ile s  I n l a n d  from Q u a tre  Bayou P a s s .  May 1 s t .  and 2nd, 1970. 
( S t a r t i n g  May 1 s t ,  6 :0 0  A.M.)
h av e  f a s t e r  c o m p u ta t i o n a l  t i m e s .  W ith  th e  l a r g e  g r i d  s i z e ,  a  24 
h o u r  t i d a l  c y c l e  c o u ld  be  com puted w i th  18 m in u te s  CPU tim e 
u s i n g  a  F o r t r a n  G c o m p i le r  i n  t h e  IBM 3 6 0 /6 5 .  The s m a l l e r  g r i d  
s i z e  u sed  was found  t o  t a k e  tw ic e  t h e  t im e  o f  t h e  l a r g e  g r i d  s i z e .
The m a in  p ro b le m  fo u n d  d u r in g  t h e  c o m p u te r  s o l u t i o n  was r e l a t e d  
t o  i n a c c u r a c i e s  g e n e r a t e d  by t h e  r e l a t i v e l y  l a r g e  g r i d  s i z e s  u s e d .  
T h ese  i n a c c u r a c i e s  w ere  m o s t  p ro n o u n c e d  a t  t h e  t i d a l  p a s s e s .  A f t e r  
s e v e r a l  r e f i n e m e n t s  i t  was found  t h a t  i m p l i c i t  s o l u t i o n  o f  t h e  
h y d ro d y n am ics  and  e x p l i c i t  s o l u t i o n  o f  t h e  e n e rg y  and  t r a n s p o r t  
m ode ls  worked b e s t .  T h i s  i s  t o  s a y ,  no i n s t a b i l i t i e s  w ere 
e n c o u n t e r e d .  Use o f  t h e  i m p l i c i t  scheme f o r  t h e  e n e rg y  and  
t r a n s p o r t  m o d e ls  showed i n s t a b i l i t i e s .  Up t o  t h i s  t i m e ,  th e  
r e a s o n  f o r  t h e s e  i n s t a b i l i t i e s  h a s  n o t  b e e n  fo u n d .  The o n ly  p l a c e  
i n  t h e  l i t e r a t u r e  i n  w h ich  a n  i m p l i c i t  s o l u t i o n  o f  t h e  s p e c i e s  
e q u a t i o n  h a s  b e e n  r e p o r t e d  i s  i n  t h e  Ja m a ic a  Bay s i m u l a t i o n  by  
L e e n d e r t s e  (R e f .  5 . 5 ) .  A l th o u g h  r e s u l t s  f o r  t h i s  s i m u l a t i o n  a r e  
p r e s e n t e d  u s i n g  h i s  i m p l i c i t  scheme no d e t a i l s  o f  t h e  co m p u te r  
p ro g ram  w ere  g iv e n  f o r  t h e  s p e c i e s  m o d e l .  H owever, d e t a i l e d  
e x p l a n a t i o n  i s  g iv e n  on  t h e  c o m p u te r  im p le m e n ta t io n  o f  h i s  
hyd rodynam ic  m odel ( R e f .  2 . 9 ) .
A l l  t h e  r e s u l t s  r e p o r t e d  i n  t h i s  c h a p t e r  w ere  o b t a i n e d  w i th  
t h e  c o n t i n u i t y  and  m o t io n  e q u a t i o n s  s o lv e d  i m p l i c i t y  and  th e  
e n e rg y  and  s p e c i e s  e q u a t i o n  s o lv e d  e x p l i c i t l y  u s i n g  t h e  1800 y a r d s  
g r i d  size*, w i t h  t h e  e x c e p t i o n  o f  t h e  v e l o c i t y  p r o f i l e s  shown, w h ich  
w ere  o b t a i n e d  w i th  t h e  1300 y a r d  g r i d  s i z e .
IREFERENCES
5 .1  B a r r e t ,  B a rn e y ,  L o u i s i a n a  W i l d l i f e  and  F i s h e r i e s  C o m iss io n
P e r s o n a l  C om m unication ( 1 9 7 0 ) .
5 . 2  G a g l i a n o ,  S . M . , e t  a l , " H y d ro lo g ic  and  G e o lo g ic  S t u d i e s
o f  C o a s t a l  L o u i s i a n a :  S e l e c t e d  E n v i ro n m e n ta l  P a r a m e te r s  
C o a s t a l  L o u i s i a n a ,  1945 , 1946 , 1 9 5 9 -6 5 " .  R e p o r t  No. 10 , 
C o a s t a l  S t u d i e s  I n s t i t u t e ,  L o u i s i a n a  S t a t e  U n i v e r s i t y ,
B a ton  R ouge, L o u i s i a n a  ( 1 9 7 0 ) .
5 .3  D ata  Management S y s tem , LSU Sea G ra n t  P ro g ra m , B aton  Rouge, 
La .
5 . 4  E s p e y ,  W. H . , e t  a l , " G a lv e s to n  Bay S tu d y :  P h a se  I I " ,
T e c h n ic a l  R e p o r t  T .D . 70-AU-1636-U, TRACOR, A u s t i n ,  T e x a s ,  
( 1 9 7 1 ) ,  p p .  8 -2 0  t o  8 - 2 8 .
5 .5  L e e n d e r t s e ,  J .  J . ,  a n d  E .  C. G r i t t o n ,  "A W ate r  -  Q u a l i t y
S im u l a t i o n  Model f o r  W ell  Mixed E s t u a r i e s  and  C o a s t a l  S e a s :  
V o l.  I l l ,  J a m a ic a  Bay S i m u l a t i o n " .  R-709-NYC, The Rand 
C o r p o r a t i o n ,  S a n ta  M o n ica ,  C a l i f o r n i a  (1 9 7 1 )  p p .  3 0 -5 6 .
5 . 6  Handbook o f  C h e m is t ry  and  P h y s i c s .  4 9 th  E d i t i o n ,  The 
C hem ica l  R ubber Co. (1 9 6 8 )  p .  F -4 7 .
5 .7  T id e  T a b l e s , H igh  an d  Low W ater  P r e d i c t i o n s ,  E a s t  C o a s t  
o f  N o r th  A m erica  and  S o u th  A m eric a ,  U .S . D ep a r tm en t o f  
Commerce, 1970.
5 . 8  G a g l i a n o ,  S . U . , e t  a l , " H y d ro lo g ic  and  G e o lo g ic  S t u d i e s  
o f  C o a s t a l  L o u i s i a n a :  S t a t i s t i c a l  M odels o f  S a l i n i t y  
D i s t r i b u t i o n s ,  S o u t h e a s t e r n  L o u i s i a n a  E s t u a r i e s " .
C o a s t a l  S t u d i e s  I n s t i t u t e ,  L o u i s i a n a  S t a t e  U n i v e r s i t y ,
B a to n  Rouge, L o u i s i a n a  ( 1 9 7 1 ) ,  p .  28 . B a r r e t t ,  B a rn e y ,  
L o u i s i a n a  W i l d l i f e  an d  F i s h e r i e s  C o m iss io n .  P e r s o n a l  
C om m unication ( 1 9 7 0 ) .
5 .9  F o r d ,  T . B. and  L. S . ,  S t  Amant, "Management G u i d e l i n e s  
f o r  P r e d i c t i n g  Brown S h r im p " ,  Paneus  A z t e c u s ,  P r o d u c t i o n
i n  L o u i s i a n a " ,  P r o c .  G u l f  and  C a r ib b e a n  F i s h e r i e s  I n s t i t u t e , 
23 ,  149-161 ( 1 9 7 ) ,  p .  154 .
5 .1 0  S m ith ,  W. G . ,  B a r a t a r i a  G a z e t t e . LSU S ea  G ra n t  P ro g ram ,
LSU, B a to n  Rouge, L o u i s i a n a  ( 1 9 6 9 ) .
5 .1 1  M asch, F .  D . , e t  a l , " I n f l u e n c e  o f  T i d a l  I n l e t s  on S a l i n i t y  
and  R e l a t e d  Phenomena i n  E s t u a r i e s " .  T e c h n i c a l  R e p o r t
HYD 16-7001CRWR 4 9 ,  H y d r a u l i c  E n g i n e e r in g  L a b o r a t o r y ,  t h e  
U n i v e r s i t y  o f  T exas  a t  A u s t i n ,  T e x a s ,  ( 1 9 7 0 ) ,  p p . 9 7 -1 0 0 .
E s p e y ,  W. H . ,  e t  a l , " G a lv e s to n  Bay S tu d y :  P hase  I I " ,  
T e c h n ic a l  R e p o r t  TD 70-AU 163G-U, T r a c o r ,  A u s t i n ,  T e x a s ,  
(1 9 7 1 )  p p .  9 -45  to  9 -5 0 .
Ames, W. F . , N u m eric a l  M ethods f o r  P a r t i a l  D i f f e r e n t i a l  
E q u a t i o n s , B arn es  and  N o b le s ,  I n c .  (1 9 6 9 )  p .  62 .
CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS
C o n e lu s io n s
Based upon t h e  r e s u l t s  o f  t h i s  r e s e a r c h  t h e  f o l l o w i n g  c o n c l u s i o n s  
a r e  draw n:
1. The Hydrodynamic Model a c c u r a t e l y  p r e d i c t e d  th e  dynam ics  o f  
t i d a l  v a r i a t i o n s  and  v e l o c i t y  p r o f i l e s  i n  t h e  B a r a t a r i a  Bay s y s te m  f o r  
m arsh  a r e a s  a s  w e l l  a s  open  w a te r s  o f  t h e  b a y .  V e r i f i c a t i o n  o f  th e  
a n a l y s i s  was made by co m p ar in g  w i t h  e x p e r i m e n t a l  d a t a  o b t a i n e d  i n  th e  
bay  and by co m p ar in g  w i th  r e s u l t s  o b t a i n e d  by o t h e r  i n v e s t i g a t o r s  in  
s i m i l a r  b a y s .
2 .  The E n erg y  T r a n s p o r t  Model a c c u r a t e l y  p r e d i c t e d  th e  t i m e -  
v a r y i n g  t e m p e r a t u r e  d i s t r i b u t i o n s  i n  t h e  B a r a t a r i a  Bay sy s te m  f o r  m arsh  
a r e a s  a s  w e l l  a s  open  w a t e r s  o f  t h e  b a y .  V e r i f i c a t i o n  o f  t h e  a n a l y s i s  
was made by  co m p ar in g  w i t h  e x p e r i m e n t a l  d a t a  o b t a i n e d  i n  th e  bay  and  by 
co m p ar in g  w i th  r e s u l t s  o b t a i n e d  by o t h e r  i n v e s t i g a t o r s  i n  s i m i l a r  b a y s .
3. The M a t e r i a l s  T r a n s p o r t  Model a c c u r a t e l y  p r e d i c t e d  th e  t im e -  
v a r y i n g  s a l i n i t y  d i s t r i b u t i o n s  i n  th e  B a r a t a r i a  Bay sy s te m  f o r  m arsh  
a r e a s  a s  w e l l  a s  open  w a te r s  o f  t h e  b a y .  V e r i f i c a t i o n  o f  t h e  a n a l y s i s  
was made u s in g  c o m p a r iso n s  o f  com puted d a i l y - a v e r a g e  s a l i n i t y  d i s t r i b u ­
t i o n s  w i t h  m e asu re d  s a l i n i t y  d i s t r i b u t i o n s  r e p o r t e d  i n  t h e  l i t e r a t u r e .
4 .  R e s u l t s  w ere  r e p o r t e d  f o r  th e  dynam ics  o f  t i d a l  v a r i a t i o n s ,  
v e l o c i t y  p r o f i l e s  and t e m p e r a t u r e  and s a l i n i t y  d i s t r i b u t i o n s  f o r  c o n d i ­
t i o n s  e n c o u n te r e d  in  May o f  a  t y p i c a l  y e a r  (1970) t o  d e m o n s t r a t e  th e  
r a n g e  o f  c a p a b i l i t y  o f  th e  a n a l y s e s  and t o  p r o v id e  a  s e t  o f  r e f e r e n c e  
s o l u t i o n s .
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5 .  A n a ly s i s  o f  th e  e f f e c t  o f  h ig h  f r e s h  w a te r  r u n o f f  was s t u d i e d  
w i t h  t h e  m odel t o  s i m u l a t e  c o n d i t i o n s  e n c o u n te r e d  i n  a  "w et y e a r . "  
R e s u l t s  w ere  o b t a i n e d  t h a t  show t h e  s h i f t  i n  s a l i n i t y  p r o f i l e s  due to  
th e  i n c r e a s e d  f r e s h - w a t e r  f lo w  i n t o  t h e  bay  sy s te m .
6 . A n a ly s i s  o f  t h e  e f f e c t  o f  a  c o l d - f r o n t  p a s s a g e  was s t u d i e d  
w i t h  th e  m ode ls  t o  s i m u l a t e  t h i s  ty p e  o f  e n v i ro n m e n ta l  c o n d i t i o n  t h a t  
i s  e n c o u n t e r e d  i n  e a r l y  s p r i n g  and  i s  d e t r i m e n t a l  t o  th e  c o m m e rc ia l ly  
im p o r ta n t  s p e c i e s  i n  t h e  bay  s y s te m .  R e s u l t s  w ere  r e p o r t e d  t h a t  show 
th e  e f f e c t  o f  th e  c o l d  f r o n t  on w a te r  t e m p e r a t u r e  a t  t y p i c a l  w a te r
d e p th s  i n  t h e  b a y ,  and  t h i s  c a n  amount t o  a  10° F d ro p  w i t h i n  s e v e r a l
h o u r s .
7 .  A n a l y s i s  o f  t h e  e f f e c t  o f  a  t i d a l  s u r g e  a s  th e  r e s u l t s  o f  a  
h u r r i c a n e  l i k e  H u r r i c a n e  C a m il le  was s t u d i e d .  R e s u l t s  w ere  r e p o r t e d  
t h a t  show th e  s h i f t  i n  h ig h  s a l i n i t y  G u lf  w a t e r s  i n t o  th e  u p p e r
r e a c h e s  o f  t h e  bay  and  w ere  com pared w i t h  t h e  t y p i c a l  s a l i n i t y  c o n d i ­
t i o n s  .
8 . F o r  t y p i c a l  c o n d i t i o n s  t h e  m ode ls  r e a c h e d  a  q u a s i - s t e a d y  s t a t e  
i n  t h r e e  t o  f i v e  t i d a l  c y c l e s .  W ith t h i s  c h a r a c t e r i s t i c ,  r e s u l t s  from 
d a i l y  c y c l e s  c a n  be e x t r a p o l a t e d  f o r  lo n g e r  p e r i o d s  o f  t im e  i f  th e  
i n p u t  c o n d i t i o n s  t o  t h e  b a y  s t a y  r e l a t i v e l y  c o n s t a n t .
9 .  The t r a n s p o r t  phenomena m ode ls  w ere  t im e  a v e ra g e d  to  o b t a i n  
a  s e t  o f  e q u a t i o n s  t h a t  c a n  be u se d  t o  t a k e  t im e  s t e p s  o f  one t i d a l  
c y c l e .  E v a l u a t i n g  th e  te rm s  o f  t h e s e  t im e - a v e r a g e d  e q u a t i o n s  showed 
t h a t  t h e  te rm s  g e n e r a t e d  by  t im e  i n t e g r a t i o n  c a n n o t  be n e g l e c t e d .  
T h e r e f o r e ,  t h e s e  t i m e - a v e r a g e d  te rm s  have  t o  be e v a l u a t e d  i n  some form 
i f  t h e  t i m e - a v e r a g e d  m odel i s  t o  be  o f  u s e .
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10. The com pu te r  p rog ram s o f  th e  m ode ls  a r e  i n  a  form  t h a t  c a n  be 
r e a d i l y  u s e d  by e n g i n e e r s  and  s c i e n t i s t s  f o r  s t u d i e s  o f  e c o l o g i c a l  
d e s i g n ,  e . g . ,  s a l i n i t y  c o n t r o l  f o r  f i s h e r i e s  m anagem ent. U se rs  m anua ls  
a r e  i n c lu d e d  w i th  th e  p rogram  f o r  e a s e  i n  a p p l y i n g  t h e i r  a p p l i c a t i o n .
R ecom m endations
B ased upon th e  above  m e n t io n e d  c o n c l u s i o n s  th e  f o l l o w i n g  recommen­
d a t i o n s  a r e  made:
1. R e s e a r c h  s h o u ld  c o n t in u e  i n  t h e  a r e a  o f  t im e - a v e r a g e d  e q u a t i o n s .  
The s u c c e s s f u l  m o d e l in g  o f  th e  te rm s  g e n e r a t e d  by t i m e - a v e r a g in g  w i l l  
a l l o w  g r e a t  s a v in g s  i n  c o m p u ta t i o n a l  t im e  f o r  lo n g  te rm  s o l u t i o n s .
2 . S t u d i e s  s h o u ld  be  made o f  ways to  r e l i n e  t h e  c o m p u ta t io n s  i n  
t h e  a r e a s  n e a r  t h e  p a s s e s  w i t h  c a r e  t o  k eep  th e  com p u te r  s t o r a g e  
r e q u i r e m e n t s  t o  a  minimum and p e r m i t  th e  u se  o f  an  i m p l i c i t  s o l u t i o n  
o f  th e  e q u a t i o n s .
NOMENCLATURE
A rabic C haracters
1/2A = D im ensional C onstant =* 1 , ( L  / T)
B ® Bowen r a t io ,  d im en sio n less
C = Chezy C o e f f ic ie n t  ( L ^ ^ /t )
3
C* = eq u ilib r iu m  c o n cen tra tio n , m oles/L
3
C^  = s p e c ie s  A c o n cen tra tio n , m oles/L
Cp = h ea t ca p a c ity  a t  co n sta n t p r e ssu r e , per u n it  m ass,
L2 / t 2T
D “ depth o f  w ater , D °  h +  L, L
* 2B b in ary  d i f f u s i v i t y  o f  s p e c ie s  A in  w ater , L ft
* 2 ,®Ajj “ d i f f u s i v i t y  (x -d ir e c t io n )  o f  s p e c ie s  A, L / t
2
=> d is p e r s io n  c o e f f i c i e n t  (x -d ir e c t io n )  o f  s p e c ie s  A, L / 1
*  2®Ay * d i f f u s i v i t y  (y -d ir e c t io n )  o f  s p e c ie s  A, L / t
2
" d is p e r s io n  c o e f f i c i e n t  (y -d ir e c t io n )  o f  s p e c ie s  A, L / t  
E ■ in te r n a l energy
Ev ™ r a te  o f  ev a p o ra tio n , L /t
2
ea = w ater vapor p ressu re  in  a i r ,  M/L
2
e 8  = w ater vapor p ressu re  a t  su r fa c e , M/L
F = c o r i o l i s  fo rce  parameter
F n  “ fu n c tio n  o f
f , f ^ , f 2  ■ f r i c t io n  fa c to r s ,  d im en sio n less
2
g ■ g r a v ita t io n a l a c c e le r a t io n , L /t
2
g^ * body force  per u n it  mass o f  component i ,  L /t
H * E + pVol = en th a lp y , ML2 / t 2
h ■ d is ta n c e  between r e feren ce  p lan e and bottom
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I f
j  "  mass f l u x  o f  i  r e l a t i v e  to  mass a v e r a g e  v e l o c i t y ,
M/L2 t
2
= m o la r  f l u x  o f  s p e c i e s  i  by  d i f f u s i o n ,  m o le s /L  t
2
= m ass t r a n s f e r  c o e f f i c i e n t  o f  s p e c i e s  i ,  m o l e s / t L  
K, K ^,k*  »  w ind  f r i c t i o n  c o e f f i c i e n t s ,  d i m e n s i o n l e s s
3
k  *  th e r m a l  c o n d u c t i v i t y ,  ML/t T
L = w a t e r  h e i g h t  a b o v e  mean s e a  l e v e l ,  L
m = t o t a l  number o f  s p e c i e s  i n  sy s tem
M  ^ «= m o l e c u l a r  w e ig h t  o f  i ,  M/mole
- 1  2N =» e m p i r i c a l  e v a p o r a t i o n  c o n s t a n t ,  See Eq. 3 .1 0 7 ,  M L
n  *» r o u g h n e s s  f a c t o r ,  d i m e n s i o n l e s s
n^  "  mole f r a c t i o n  o f  s p e c i e s  i
p »  p r e s s u r e ,  M/L2
2
pa  “  a i r  p r e s s u r e ,  M/L
Q ■ a v e r a g e  d i s c h a r g e  r a t e ,  L3 / t L
Q *  m a g n i tu d e  o f  th e  a v e r a g e  d i s c h a r g e  r a t e ,  =
2 2 1 / 2  3
(IT-HT) , L / t L
2 3q m h e a t  f l u x  by  c o n d u c t io n ,  M L / t
2 3q 8 ** h e a t  f l u x  th r o u g h  t h e  s u r f a c e  o f  t h e  w a t e r ,  M L / t
qr a d = h e a t  f l u x  by t o t a l  incom ing  r a d i a t i o n  from t h e  s k y ,
ML2 / t 3
2 3qr e f  * h e a t  f l u x  by r e f l e c t i o n  by th e  w a t e r  s u r f a c e ,  ML / t
2 3qw °  h e a t  f l u x  by  r a d i a t i o n  o f  t h e  w a t e r  s u r f a c e ,  M L / t
2 3qe  “  h e a t  f l u x  due  t o  e v a p o r a t i o n ,  ML / t
qc  "  h e a t  f l u x  due  t o  c o n v e c t i o n  a t  t h e  w a t e r  s u r f a c e ,
. _ 2  . 3ML / t
R *  r a i n f a l l  r a t e ,  L / t
R^ ■ h y d r a u l i c  r a d i u s ,  L
3
R^ ■ m o la r  r a t e  o f  p r o d u c t i o n  o f  s p e c i e s  i ,  m o l e s / tL
3
r t  « m ass  r a t e  o f  p r o d u c t i o n  o f  s p e c i e s  i ,  M /tL
SA ™ c o n c e n t r a t i o n  o f  s p e c i e s  A
Se ■ e n e r g y  s l o p e ,  d im e n s io n l e s s
SS “  S in k  and  S o u rc e  te rm
t  = t i m e ,  t
T = a b s o l u t e  t e m p e r a t u r e ,  T
Twb “  w e t  b u lb  t e m p e r a t u r e ,  T
v , u ,w  = m ass a v e r a g e  v e l o c i t y ,  L / t
V»U “  a v e r a g e  v e l o c i t y ,  L / t
3
Vol = s p e c i f i c  v o lu m e , L /M
W = w ind  v e l o c i t y ,  L / t
Wc "  c r i t i c a l  w ind  v e l o c i t y ,  L / t
x  -  r e c t a n g u l a r  c o o r d i n a t e ,  L
o
X = w ind  f r i c t i o n  f o r c e  i n  t h e  x - d i r e c t i o n ,  M/L
y  = r e c t a n g u l a r  c o o r d i n a t e ,  L
Y = w ind  f r i c t i o n  f o r c e  i n  the  y - d i r e c t i o n ,  M/L
z ■ r e c t a n g u l a r  c o o r d i n a t e ,  L
G reek  C h a r a c t e r s
a  “  b o t to m  f r i c t i o n  f a c t o r ,  d im e n s io n l e s s
p ■ b o t to m  f r i c t i o n  c o r r e c t i o n  f a c t o r ,  d im e n s io n le s s
A “  fo rw a rd  d i f f e r e n c e  o p e r a t o r
6 ”  w ind  f r i c t i o n  c o n s t a n t ,  d i m e n s i o n l e s s
6 =* u n i t  t e n s o r ,  d i m e n s i o n l e s s
e = e m i s s i v i t y ,  d im e n s io n l e s s
T] ■ w ind  f r i c t i o n  f a c t o r ,  d im e n s io n le s s
0 ■ a n g le  o f  wind v e lo c i t y  v e c to r  and x - a x is ,  degrees
2 2
X »  la t e n t  h eat o f  v a p o r iz a tio n , L / t
p, = v i s c o s i t y ,  M/Lt
m t 2
tt “  p ressu re  te n so r , M/t L
3
p =» d e n s ity ,  M/L
. 3 4a  = Stephen-Boltzm an c o n sta n t, M/t T
2
t  ■ v is c o u s  s t r e s s ,  M/t L
— 2
t  “ v is c o u s  s t r e s s  te n so r , M/t L
3
0 ■ f r i c t i o n  fo rce  per volum e, M/L
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APPENDIX A
CLASSIFICATION OF THE ONE­
DIMENSIONAL LONG WAVE 
EQUATIONS
A way to  c l a s s i f y  t h e  o n e - d im e n s io n a l  lo n g  wave e q u a t i o n s  i s  
t o  r e d u c e  them to  a  s im p le  form  by i g n o r i n g  th e  a d v e c t i o n  o f  momen­
tum, th e  C o r i o l i s  f o r c e ,  and th e  w ind  f r i c t i o n .  D oing  t h i s ,  t h e  
o n e - d im e n s io n a l  lo n g  wave e q u a t io n s  c a n  be  w r i t t e n  a s :
i  +  D i  -
at + 8 ax " ‘T* ^  A^”2)
A c c o rd in g  to  Ames (R e f .  A - l ) ,  a  g e n e r a l  f i r s t  o r d e r  s y s te m  can 
b e  w r i t t e n  a s :
f n t  (A-3)
in (A-4 )*- ay *
The d i s c r i m i n a n t  o f  t h i s  s y s te m  i s :
D i s c r i m i n a n t  -  ( a ^  -  a ^  +  b ^  -  b c ^ 2 -  4 ( a 1 c2 -  a 2 c 1> (b 1d 2 -  W
(A -5)
and E q s .  (A -3) and (A -4) can be  c l a s s i f i e d  u s i n g  t h e  d e t e r m i n a n t  
o f  t h e  s y s te m :  i f  Eq. (A-5) i s  n e g a t i v e  t h e  s y s te m  i s  c l a s s i f i e d  a s
e l l i p t i c ,  i f  i t  i s  e q u a l  to  z e r o ,  th e  s y s te m  i s  p a r a b o l i c ,  and i f  
E q .  (A-5) i s  p o s i t i v e ,  t h e  sy s te m  i s  h y p e r b o l i c .
E q s .  (A -3) and  (A -4) a r e  i d e n t i c a l  t o  E q s .  ( A - l )  and  (A-2) i f :
L &  + b ,  &  + C, ^  + d SSL =1 dx 1 ay 1 fcx i  ay
, 4 2  + b0 ^  + av  .c„ —  + ai-a2 dx 2 ay 2 Qx 2 ay
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a x = D (A -6 )
b l  = 0 (A -7)
c x = 0 (A~8 )
d l  = 1 (A-9)
f ^  =  R-Ev (A -10)
a 2 = 0 (A -11)
b 2 = 1 (A -12)
c 2  -  g (A -13)
d2 -  0 (A -14)
b
f n 2  = ~Tx  (A -15)
S u b s t i t u t i n g  E q s .  (A-6 ) th ro u g h  (A-15) i n t o  Eq. (A -5) r e s u l t s  i n :
(A -16)
2
D i s c r i m i n a n t  = (D*0 -  0*1 -  0*g -  1*0) -  4(D *g -  0 * 0 ) (0 * 0  -  1*1)
o r :
2
D i s c r i m i n a n t  = (0 )  -  4 ( D * g ) ( - l )  (A-17)
D i s c r i m i n a n t  = 4Dg >  0 (A -18)
T h e r e f o r e ,  th e  o n e - d im e n s io n a l ,  lo n g  wave e q u a t i o n s  c a n  be 
c l a s s i f i e d  a s  h y p e r b o l i c .
REFERENCES
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APPENDIX B
SOME EXPERIMENTAL MEASUREMENTS 
OF TRANSPORT PHENOMENA IN 
THE BARATARIA BAY ESTUARY
I n t r o d u c t i o n
The p u r p o s e  o f  t h i s  a p p e n d ix  i s  t o  p r e s e n t  e x p e r i m e n t a l  mea­
s u re m e n ts  t h a t  w ere  made i n  t h e  B a r a t a r i a  Bay e s t u a r y .  The o b j e c ­
t i v e s  o f  t h e s e  m easu rem en ts  w ere  t o  e s t a b l i s h  s p e c i a l  f u n c t i o n s  an d  
t o  v e r i f y  t h e  v a r i o u s  a s s u m p t io n s  and  a p p r o x im a t io n s  t h a t  w ere made 
i n  t h e  d e r i v a t i o n  and  a p p l i c a t i o n  o f  t h e  model e q u a t i o n s .
T h i s  a p p e n d ix  c o n s i s t s  o f  t h r e e  p a r t s .  The f i r s t  p a r t  i s  c o n ­
c e r n e d  w i t h  hydrodynam ic  and  b a t h y m e t r i c  m e a su re m e n ts ,  t h e  second  
p a r t  d e a l s  w i th  e n e rg y  t r a n s p o r t  m e a su re m e n ts ,  and t h e  t h i r d  p a r t  
d e s c r i b e s  t h e  s a l i n i t y  m e a su re m e n ts .
H ydrodynam ic and  B a th y m e t r i c  M easurem en ts
The m ain  o b j e c t i v e s  o f  t h e s e  m easu rem en ts  w ere t o  e v a l u a t e  t h e  
a p p r o x im a t i o n  o f  a  u n i fo rm  v e r t i c a l  v e l o c i t y  and to  m e asu re  t y p i c a l  
f lo w  r a t e s .  T hese  m easu rem en ts  w ere  t a k e n  a t  s e v e r a l  p o i n t s  i n  th e  
B a r a t a r i a  Bay a r e a ,  a s  shown i n  F i g .  B - l .  A number o f  m easu rem en ts  
w ere  t a k e n  a t  t h e  p a s s e s ,  t h e  c o n n e c t io n s  o f  t h e  bay  w i th  t h e  o c e a n ,  
and  i n  t h e  s t r e a m s  i n  t h e  u p p e r  end o f  t h e  bay  w here f r e s h  w a te r  
f lo w s  i n t o  t h e  sy s te m .
B a th y m e t r i c  d a t a  was n eed e d  f o r  t h e  p a s s e s .  T h is  d a t a  i s  shown 
i n  F i g s .  B -2 ,  B -3 ,  B -4 ,  and  B -5 .  B a th y m e try  d a t a  was t a k e n  w i th  a  
R a y th e o n  D e p t h f i n d e r  f a th o m e te r  (S e e  T a b le  B - l ) .
E x p e r i m e n t a l  f lo w  d a t a  a r e  shown f o r  Q u a t r e  Bayou P a s s  ( F i g s .  B -6 ,
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Co. ,  I n c .
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Q u a tr e  Bayou P ass
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P a s s  A bel
(1 100  f t .  from  w e s t e r n  s h o r e )
Ju n e  3 1 ,  1971 
1 1 :3 0  A.M.
0 . 1 0 . 2 0 .3 0 . 4 0 .5 0 . 6 0 .7
VELOCITY ( k t s . )
















8 . B a r a t a r i a  P as s
(450 f e e t  from  e a s t e r n  s h o r e )
Ju n e  31 , 1971 
12 :45  P.M.9 .
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B a r a t a r i a  P as s
(600 f e e t  from w e s t e r n  s h o r e )
J u n e  31 . 1971 
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Caminada Pass  
(1 200  f e e t  from n o r t h e r n  
s h o r e )
J u n e  31 , 1971 
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(1500 f e e t  from n o r t h e r n  s h o r e )
Ju n e  3 1 ,  1971 
2 :1 5  P.M.
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E n t r a n c e  t o  A i r p l a n e  Lake 
J a n u a r y  2 9 ,  1971 







0 .0 5  0 .1 0  0 .1 5  0 .2 0  0 .2 5  0 .3 0  0 .3 5
VELOCITY ( k t s . )
F ig u r e  B -18 .  V e l o c i t y  P r o f i l e  a t  A i r p l a n e  Lake 










0 . 1 4
0 .12
0 . 10
Incom ing  T ide  
J a n u a r y  2 8 ,  1971 




V e l o c i t y E n t r a n c e  to
P r o f i l e A i r p l a n e  Lake
- 0 . 02
- 0 .0 4 O u tg o in g  T ide  
J a n u a r y  29 , 1971 
9 :0 0  A.M.
- 0 .0 6
- 0 .0 8
- 0 . 12
- 0 .1 4
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DISTANCE ( f e e t )
F ig u r e  B -19 . H o r i z o n ta l  V e l o c i t y  P r o f i l e s  a t  E n t r a n c e  
to  A i r p l a n e  Lake
TABLE B-2
FLOW, TEMPERATURE, AND SALINITY MEASUREMENTS 
OF SOME OF THE FRESH WATER INLETS TO 
BARATARIA BAY
L o c a t i o n  and  
d a t e v e l o c i t y
c a n a l  
d e p th  w id th te m p e r a t u r e
... . .  
s a l i n i t y
B a r a t a r i a  
Waterway 
n o r t h  o f  L a f f i t e  
Aug. 1 3 ,  1971 
10 :47  A.M.
0 .0 4  k n o t s 3 y d s 100  y d s 28 .5°C 1 .2 5 p /o o
Bayou P e r o t  
S o u th  o f  I n t e r c o a s t *  
a l  C a n a l ,  Aug. 13 , 
1971, 1 2 :0 0
0 .0 2 8  k n o t s 7 y d s 150 y d s 28 .5°C 1 . 5 ° / o o
C u t o f f  S c u l l y  
C a n a l ,  Aug. 13 , 
1971 , 2 :0 5  P.M.
0 .0 5  k n o t s 1 yd 10  y d s 29 .2°C 0 . 5 ° / o o
N o r th  o f  
G a l i a n o  C a n a l  
Aug. 1 3 ,  1971 
2 :0 5  P.M.
0 .0 7  k n o t s 1 .5  yd 15 y d s 28 .8°C 0 . 5 ° / oo
G olden  Meadow 
Y ankee C a n a l  
Aug. 1 3 ,  1971 
3 :0 0  P.M.
0 .2  k n o t s 1 yd 15 y d s 28 .6°C 0 . 6 ° / o o
S o u th  G olden  
Meadow C a n a l  
Aug. 1 3 ,  1971 
3 :1 5  P.M.
0 .1 6  k n o t s 3 y d s 40 y d s 29°C 1 3 ° /o o
S . W. La . C an a l  
@ Bayou L a fo u rc h e  
Aug. 1 3 ,  1971 
4 :5 0  P.M.
1 .2  k n o t s 3 . 5  y d s 100 y d s 2 9 .5°C 1 8 ° /o o
B -7 ,  B -8 ) ,  P a s s  A bel ( F i g s .  B -9 , B -1 0 ,  B - l l ) ,  B a r a t a r i a  P a s s  ( F i g s .  
B -1 2 ,  B -13 , B - 1 4 ) , Caminada P ass  ( F i g s .  B -15 , B -16 , B -1 7 ) ,  and 
A i r p l a n e  Lake ( F i g .  B -1 8 ) .  The d a t a  w ere  ta k e n  a t  e v e r y  l o c a t i o n  
a t  t h r e e  e v e n ly  s p a c e d  p o i n t s  w i th  a  B-10 D ucted  C u r r e n t  M e te r  
(S e e  T a b le  B - l ) .  As c a n  be s e e n  from  t h e s e  f i g u r e s ,  a  u n ifo rm  
v e r t i c a l  v e l o c i t y  i s  a  r e a s o n a b l e  a p p r o x im a t io n  f o r  s h a l lo w  e s t u a r i n e  
b a y s .  T h e re  i s  a  t h i n  b o u n d ary  l a y e r  n e x t  t o  t h e  b o t to m .  A s a l t  
wedge a p p e a r e d  t o  d i s t o r t  th e  v e l o c i t y  p r o f i l e  i n  t h e  c h a n n e l  i n  
Q u a t re  Bayou P a s s .  As a  p o i n t  o f  i n t e r e s t ,  h o r i z o n t a l  v e l o c i t y  
p r o f i l e s  f o r  th e  e n t r a n c e  t o  A i r p l a n e  Lake a r e  shown i n  F i g .  B -19 .
Some f lo w ,  t e m p e r a t u r e  and s a l i n i t y  d a t a  was t a k e n  a t  th e  f r e s h  
w a t e r  i n l e t s  o f  t h e  b a y .  T h i s  d a t a  i s  shown i n  T a b le  B -2 .
E n erg y  T r a n s p o r t  M e a s u re m e n ts :
The main o b j e c t i v e  o f  t h e s e  e x p e r im e n t s  was t o  d e t e r m in e  th e  
m a g n i tu d e  o f  t h e  h e a t  l o s s  a t  t h e  b o t to m  o f  t h e  bay  due t o  c o n ­
d u c t i o n .
T e m p e ra tu re  p r o f i l e s  i n  th e  b o t to m  o f  a  t y p i c a l  e s t u a r i n e  
body o f  w a t e r ,  A i r p l a n e  L ake ,  w ere  m easu red  w i th  a  th e rm o c o u p le  
a t t a c h e d  t o  a  s o l i d  m e t a l  s h a f t  and  a  t e l e - t h e r m o m e t e r  (S ee  T a b le  B - l ) .  
T hese  r e s u l t s  a r e  shown i n  F i g .  B -2 0 .  The c o n d i t i o n s  u n d e r  w hich  
t h e s e  d a t a  w ere  t a k e n  w ere  such  t h a t  th e  v a lu e  o b t a i n e d  f o r  th ei
t e m p e r a t u r e  g r a d i e n t ,  dT(Zj) ) / d z ,  was n e a r  i t s  maximum (a  c l e a r ,  h o t  
summer day a t  n o o n ) .  T h i s  v a lu e  o b t a i n e d  f o r  th e  t e m p e r a t u r e
o
g r a d i e n t  a t  th e  w a te r - b o t to m  i n t e r f a c e  was a p p r o x im a te ly  1 .2 5  F / f t .
The b o t to m  o f  a  t y p i c a l  e s t u a r i n e  body o f  w a te r  i s  a  m i x tu r e  o f  








S u r f a c e
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S t a t i o n o u t
-5
S t a t i o n o u t
•  6
-7
7 0  8 0  9 0  10 0
T e m p e r a t u r e  (°F)
★  = a i r  t e m p o r a t u r o  -  8 7 ° F  W o t  b u l b  t e m p e r a t u r e  -  8 2 ° F  
D a t a  t a k e n  a t  A i r p l a n e  L ake ,  S e p t .  11, 1 9 7 0 ,  a t  n o o n .
F ig u r e  B -20 . T e m p e ra tu re  P r o f i l e s  i n  B ottom  o f  A i r p l a n e  Lake
th e  th e rm a l  c o n d u c t i v i t y  o f  t h i s  m ix tu r e  i s  0 .7  B T U / ( h r ) ( f t ) ( ° F ) .
The t e m p e r a tu r e  g r a d i e n t  a t  t h e  w a te r - b o t to m  i n t e r f a c e  w i l l  change  
a s  c o n d i t i o n s  v a r y ,  b u t  i t s  a b s o l u t e  v a lu e  w i l l  n o t  be  much l a r g e r  
th a n  t h e  one d e te rm in e d  e x p e r i m e n t a l l y .  T h ese  v a l u e s  can  be u se d  
to  o b t a i n  an  u p p e r  l i m i t  f o r  t h e  h e a t  f lo w  c a u s e d  by c o n d u c t io n  a t  
th e  b o t to m .  T h is  v a lu e  i s  com pared w i th  t h e  u p p e r - l i m i t  v a l u e s  o f  
some o f  t h e  s u r f a c e  h e a t  f lo w s  i n  T a b le  B -3 . I t  can  be  s e e n  from  
t h i s  t a b l e  t h a t  h e a t  f low  a t  t h e  b o t to m  o f  a  t y p i c a l  e s t u a r i n e  
body o f  w a te r  i s  two o r d e r s  o f  m a g n i tu d e  l e s s  th a n  th e  maximum 
h e a t  f lo w  from  s o l a r  r a d i a t i o n  and  30 t im e s  s m a l l e r  th a n  th e  c o n v e c t iv e  
r a t e  a t  t h e  s u r f a c e .
S a l i n i t y  M easurem en ts
A b o u n d a ry  c o n d i t i o n  was n e e d e d  f o r  t h e  t im e  v a r i a t i o n  o f  
s a l i n i t y  i n  t h e  G u lf  w a te r  e n t e r i n g  th e  bay d u r i n g  in co m in g  t i d e .
The s a l i n i t y  v a r i e s  b e tw een  t h e  s a l i n i t y  o f  bay  w a t e r  g o in g  o u t  
t o  s e a  d u r in g  th e  o u tg o in g  t i d e  and  th e  s a l i n i t y  o f  th e  open s e a .
The m ass o f  w a te r  t h a t  l e a v e s  t h e  bay  m ixes  w i th  t h e  s e a ,  and  a s  
th e  t i d e  s h i f t s ,  t h e  s a l i n i t y  o f  t h e  in c o m in g  w a t e r  w i l l  i n c r e a s e  
from  th e  v a l u e  o f  t h e  s a l i n i t y  o f  t h e  o u tg o i n g  w a t e r  t o  t h e  v a lu e  
o f  s a l i n i t y  o f  t h e  open s e a .  M easu rem en ts  w ere  made o f  th e  t im e  
v a r i a t i o n  o f  s a l i n i t y  i n  B a r a t a r i a  P a s s  u s i n g  a  Van Dorn b o t t l e ,  
a  r e f r a c t o m e t e r ,  and  th e  M a r k ' I  S ys tem  (S ee  T a b le  B - l ) .  T e m p e ra tu re  
was found  n o t  t o  v a ry  a s  b o th  s e a  t e m p e r a t u r e  and  bay t e m p e r a t u r e  
w ere  e q u a l .  S a l i n i t y  d a t a  i s  shown i f  F i g .  B -2 1 .  W ith  t h i s  d a t a ,  
th e  v a r i a t i o n  o f  s a l i n i t y  w i th  t im e  o f  t h e  in c o m in g  t i d e  was m o d e led ,  
a s  d e s c r i b e d  i n  C h a p te r  IV .
TABLE B-3
UPPER LIMIT VALUE FOR SOME HEAT FLUXES
Type Symbol Upper L im i t in g
V alue ( c a l /c m 2 .
______ ________________ _________________________m i n . )____________
H ea t  F lux  Due to Q s o la r 2 .0  (R e f .  B - l )
S o l a r  R a d i a t i o n r a d i a t i o n
S u r f a c e
H ea t  F lux  Due to  
S u r f a c e  R a d i a t i o n qw
0 .9 7 3 x lO “ 2 
(R e f .  B - l )
H ea t
F lu x e s H ea t  F lux  Due to  
C o n v e c t io n q c
0 . 1 2 2  (R e f .  B - l )
H ea t F lux  Due t o  
R e f l e c t i o n q r e f
0 . 6 0  (R e f .  B - l )
Bottom
H ea t H eat F lux  Due to q(zb) 0 .4 0 0 x 1 0 " 2
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B a r a t a r i a  PassTime o f  High T ide
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F ig u re  B-21
12 2 4 6
TIME ( h r s . )
S a l i n i t y  as  a F u n c t io n  o f  Time in  B a r a t a r i a  Pass
I n s t r u m e n t a t i o n  and  O th e r  D ata
I n s t r u m e n t s  u s e d  t o  o b t a i n  t h e  d a t a  shown i n  t h i s  c h a p t e r  a r e  
t a b u l a t e d  i n  T a b le  B - l .
B e s id e s  t h e  d a t a  shown i n  t h i s  c h a p t e r ,  o t h e r  d a t a  was a v a i l ­
a b l e  from  o t h e r  i n v e s t i g a t o r s  i n  th e  Sea G ra n t  P ro g ram  a t  LSU and  th e  
L o u i s i a n a  W ild  L i f e  and  F i s h e r i e s  Com m ission.
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APPENDIX C
TIME INTEGRATION OF THE 
TRANSPORT PHENOMENA EQUATIONS 
FOR A SHALLOW ESTUARINE BAY
A tim e -a v e ra g e d  m odel i s  one i n  w h ich  th e  e q u a t io n s  h ave  been  
i n t e g r a t e d  o v e r  a  tim e  p e r io d  t .  T h u s, a  t im e -a v e ra g e d  m odel h a s  th e  
a d v a n ta g e  o f  a l lo w in g  l a r g e  tim e  s t e p s ,  m aking  lo n g  te rm  s o lu t i o n s  
f e a s i b l e  w i th  r e s p e c t  t o  c o m p u ta tio n  c o s t s .  To p ro d u c e  a  t im e -a v e ra g e d  
m o d e l, th e  t r a n s p o r t  phenom ena e q u a t io n s  f o r  a  s h a llo w  e s t u a r i n e  bay  
m ust be i n t e g r a t e d  o v e r  a  g iv e n  tim e  p e r io d .  T h is  tim e  p e r io d  becom es 
th e  in d e p e n d e n t v a r i a b l e  in  th e  e q u a t io n s .
The d i f f i c u l t i e s  t h a t  t h i s  m ethod  g e n e r a te s  a r e  shown in  th e  tim e  
i n t e g r a t i o n  p e rfo rm e d  in  t h i s  a p p e n d ix . E x t r a  te rm s , s i m i l a r  to  
R e y n o ld 's  s t r e s s e s  i n  t u r b u l e n t  f lo w , a p p e a r  in  th e  e q u a t io n s .  T hese  
e x t r a  te rm s  m u st be  e v a lu a te d  i n  o r d e r  to  be a b l e  t o  s o lv e  th e  t im e -  
a v e ra g e d  e q u a t io n s .  A t p r e s e n t ,  no e m p i r i c a l  m ethods h av e  been  
d e v e lo p e d  to  e v a l u a t e  th e s e  te rm s ,  and  t h i s  a p p e a r s  t o  be an  a r e a  
f o r  f r u i t f u l  r e s e a r c h .
I n t e g r a t i o n  o f  th e  H ydrodynam ic M odel
The e q u a t io n s  o f  th e  H ydrodynam ic M odel c a n  be i n t e g r a t e d  o v e r  a  
tim e  p e r io d  t  w h ich  c o u ld  c o r re s p o n d  to  a  24 h o u r  p e r io d  o r  a  t i d a l  
c y c l e .  The r e s u l t  w i l l  be  a  t im e -a v e ra g e d  s e t  o f  p a r t i a l  d i f f e r e n t i a l  
e q u a t io n s  w h ich  c o u ld  be a p p l i e d  t o  th e  a r e a  o f  i n t e r e s t  in  a  m odel 
t h a t  c a n  ta k e  l a r g e  s t e p s  i n  t im e .  In  t h i s  s e c t i o n ,  t h i s  tim e  i n t e ­
g r a t i o n  w i l l  be p e rfo rm e d .
217
C o n t in u i ty  E q u a t io n
The C o n t in u i ty  E q u a t io n  i s :
+  +  = R - E  ( 3 .1 7 )dx 9y at V v '
an d  i n t e g r a t i n g  o v e r  a  tim e  p e r i o d ,  t ,  g iv e s :
-  £  £  &  -  e v ]  a
D e f in in g  th e  f o l lo w in g  tim e  a v e ra g e d  v a r i a b l e s  a s :
( C - l )
Qx *  Qx +  Qx (C -2 )
w h ere : Qx = Q xdt (C -3 )
and s im ila r ly :
Qy = Qy +  Qj? (C -4 )
L = L +  L r (C -5 )
R = R +  R ' (C -6 )
Ev = E^ +  Ev ' (C -7 )
The b a r  ( ) i n d i c a t e s  th e  a v e ra g e  o v e r  th e  p e r io d  and  th e
p rim e  ( /  ) i n d i c a t e s  th e  i n s ta n ta n e o u s  d e v i a t io n  from  th e  a v e ra g e . 
T h u s , Eq. ( C - l )  can  be  w r i t t e n  a s :
i  I* R (QX + +  3(Qy + Qy) + a a  + l ' >  “1 ..
t J o L  a* +  s y a t  J d t  "
t  J*0t  R +  R - E v -  Ev ]  d t  (C -8 )
E v a lu a t in g  ea c h  te rm  s e p a r a t e l y :
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f  = l - r '  Qrfdt - QdJI ^  + qrfl ^ £ = 0o Sx SkJo v ^  * t f  8 t  ^  l t Q d t
( c - 1 0 )
s in c e  by d e f i n i t i o n  th e  tim e  a v e ra g e  o f  th e  f l u c t u a t i o n ,  Qx, 
i s  z e r o .
r . f 1 *  ■
j ' f ^ d t  -  0 (C -12 )
l o t d t  * f  C <C- 13>
J S f ^ d t - 0  W - » )
J*o R dt = R t (C -15 )
J*  R ;d t  = 0 (C -16 )
J *  E v d t = E v t (C -1 7 )
f *  E 'Jd t = 0 (C -1 8 )
S u b s t i t u t i n g  E q s . (C -8 ) th ro u g h  (C -1 7 ) i n t o  E q. (C -7 )  r e ­
s u l t s  i n  th e  t im e -a v e ra g e d  c o n t i n u i t y  e q u a t io n :
= R -  Ev (C -1 9 )dx dy ’M:
X -com ponent o f  th e  Momentum 
E q u a tio n
The momentum e q u a t io n  i n  th e  x - d i r e c t i o n  i s :
M  + U | “ + v | ! i - F V  + E | t . T 8 - T bd t  d x  dy dx X X
(3.59)
I n t e g r a t i n g  o v e r  a  tim e  p e r io d ,  t ,  g iv e s :
ir'faa + uf£ + v|!i - fv + g^ldt =t  J o  L  a t  a x  dy dx J
7  J *  [  T S -  T b ]  d t  (C -20)t  J o  L X  X
and d e f in in g :
U = U + U'  (C-21)
V = V + V' (C-22)
D = D + D' (C-23)
t S = tS + tS ' (C-24)
Tb = Tb - Tb/ (C-25)
Eq. (C -19 ) can  now be w r i t t e n  a s :
i  [  iG.t £X  + + (v + v /)
.  F ( v  + v<) + g ^ i ]  - « . i +
-  G *  +  Txb , ) ]  d t  (C" 26)
E v a lu a t in g  eac h  te rm  s e p a r a t e l y :
s t i *  - <c-27>
2 2
r*t 3 u '  ,J 0  a F  d t  = 0 (C -28 )
j: ” I "  • - " I *  «>*»)
x : * i r dt ■ - 0 <°-3°>
x : u< i r dt ■ x: i r  *  «=-«)
■To D '  S  d t  = 0  W -3 2 )
f t  -  SU -  OU „
X„ = V a7 C <c-33>
1 ‘ v ' f  ■ “ (C-34)
Xo V'  d t  * 0 (C-35)
f  v ' | 1 2  dt = f  V' | u :  dt (C-36)J o By o 9y 1 ;
Jo FV dt = FVt (C-37)
Jl  »v'dt = 0 (C-38)
ft  31 3L „
Jo g S  dt " « 5 ‘  (C-29)
Xog f r dt = 0 <c-40>
2:
Jt    b — bO Tx d t  = Tx t  (C -4 1 )
S i  Txb /  d t  = 0 (C -4 2 )
J *  T S d t  = T. 8 t  (C -4 3 )J o x !x v '
r fc T S / d t  = 0  (C -4 4 )J o  X v
S u b s t i t u t i n g  E q s . (C -2 7 ) th ro u g h  (C -4 4 ) i n t o  E q. (C -2 6 ) g iv e s  
th e  x -co m p o n en t o f  th e  tim e  a v e ra g e d  e q u a t io n  o f  m o tio n :
* [ ! '  + “ I t +  +
+  J’o v '  ! r a t  -  ™  -  *  i c ]  ■ z  [
T S t  -  X
(C -4 5 )
R e a r r a n g in g :
§  + + f  o ' f i l d t  + v S  + f  v ' | ^
d t  Qx 0 o dx dy J o dy
.  FV + g | i  -  txS -  Txb (c -4 6 )
The y -com ponen t o f  th e  e q u a t io n  o f  m o tio n  can  b e  s i m i l a r l y  d e r iv e d :
§  + v f  + f t  v - | v l dt + + J*
d t  dy J o dy dx J o ox
+  FU +  g | ^ = T S - T b  (C -4 7 )
By y y
2I n t e g r a t i o n  o f  th e  E nergy  T ra n s p o r t  
an d  M ass T ra n s p o r t  M odels
The same r e a s o n in g  u se d  f o r  th e  t i m e - i n t e g r a t i o n  o f  th e  
H ydrodynam ic M odel i s  u se d  f o r  th e s e  m o d e ls . As b o th  e q u a t io n s  
a r e  s i m i l a r ,  a  g e n e r a l i z e d  form  w i l l  be u se d  to  o b t a in  th e  tim e  
a v e ra g e d  e q u a t io n .  T h is  g e n e r a l i z e d  fo rm  i s :
d(D S) d(UDS) d(VDS)
d t  dx dy
SS 0 (C -4 8 )
E q. (C -4 8 ) c a n  be tim e  i n t e g r a t e d  a s :
d(UDS) d(VDS)
0 (C -4 9 )
i n  w h ich :
SS = SS + ss' (C -5 0 )
S = S +  S / (C -5 1 )
e v a l u a t i n g  eac h  te rm  o f  Eq. (C -4 9 ) i n d i v i d u a l l y :
(C -5 2 )
0 (C -5 3 )
0 (C -5 4 )
(C-55)
2:
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(DUS) d L =  ^ t  (C -56 )
d x
(DUS') dt = — DU I* s  'dt = 0 (C-57)
3x J o
(DU'S) dt = 0 (C-58)
(D'US)dt = 0 (C-59)
(D'U'S) dt = ^ s j ^ D ' u ' d t  (C-60)
(DU's')dt = I ^ D j ^ u ' s ' d t  (C-61)
(D'U'S') dt = | ^ U j ^ D ' s ' d t  (C-62)
(D'U'S') dt = D'U'S'dt (C-63)
(DVS)dt = (DVS) t (C-64)
(DVS')dt » 0 (C-65)
(DV/S) dt = 0 (C-66)
(D /VS) dt = 0 (C-67)
(DV's')dt = | ^ D j ^ V ' s ' d t  (C-68)
(D 'VS ') dt = V I* D 's 'dt (C-69)
3y J o
I* J- (D'v's) dt = S f  D 'v 'dt J o  5y  '  3y Jo (C-70)
r* J -  (D 'v 's ')  dt = I*1" D 'v 's'd t  J o ay  y ay  Jo (C -71 )
-  ‘ i r ° ° * i (C -72 )
■ § ; 5 8 * i : f r d t  - 0 (C -73 )
f  —  (D 'Bx | ^  ) d t  = 0 J o 9x dx (C -74 )
I* (D 'BX ) d t  = f “  Bx  I* D '—  J o  ax x ax  ax  x  Jo  ax d t (C -75)
J *  f -  (DBy )  d t  -  t  f -  DBV &J o ay  ^ ay  By y ay (C -76)
r t  1 “  (DBV ~  )  d t  = 0 
J o  ay  y  ay CC-77)
f  f -  (D 'By f l  ) d t  = 0
J o  ay  y By (C -78)
I* (D 'By | § I  ) d t  -  | - ® v I* D ' ^J o  ay  y By ay y Jo ay
/
-  d t (C -79 )
rC SS d t  = SS t  d o (C -80)
S u b s t i t u t i n g  E q s. (C -52 ) th ro u g h  (C -80 ) in t o  Eq. (C -49 ) g iv e s  th e  tim e  
in t e g r a t e d  S p e c ie s  T ra n s p o r t  M odel:
M 2 S 1  +  I *  a ( ° ' s ' )  d t  +  a f f l g g l  + i s
at j o j t  3x ax Jo
+ D [*■ s 'U 'd t  + —  U I* D 'S 'd t  + —  P*” D 'U 'S ' 
ax  Jo  ax  j o ax  Jo d t
+ -(‘DVS') + f- D Pfc V'S 'dt + V r1 D 's '>>.. ay J o av J o3y ay
d t
+ f- S rfc D 'v 'd t  + D'v'S'dt - f- (BXD )ay Jo ay Jo ax v x ax
-  -
JL. /g  n Sis ) 
ay ( y ay '
| _ B ^ D ' ^ d t  
ay y Jo ay
- SS = 0 (C -81)
As ca n  be  s e e n ,  the e x t r a  te rm s  o r i g i n a t e d  by  th e  tim e  i n t e g r a r  
t i o n  a r e  many and co m p lex . E m p ir ic a l  and o r  t h e o r e t i c a l  r e l a t i o n s  a r e  
n eed ed  in  o r d e r  to  e v a lu a te  th e s e  te rm s and  be a b le  to  a p p ly  th e  t im e -  
a v e ra g e d  m o d e l.
APPENDIX D
COMPUTER PROGRAM FOR THE SOLUTION OF 
THE TRANSPORT PHENOMENA EQUATIONS 
APPLIED TO BARATARIA BAY
The p ro g ram  d e s c r ib e d  i n  t h i s  a p p e n d ix ,  GAYBAY, c o n s i s t s  o f  th e  
a p p l i c a t i o n  o f  th e  n u m e r ic a l  te c h n iq u e s  p r e s e n te d  in  C h a p te r  IV . One 
m odel was d e v e lo p e d  u s in g  th e  i m p l i c i t  s o l u t i o n  o f  th e  H ydrodynam ic Model 
and  th e  i m p l i c i t  s o l u t i o n  o f  th e  E nergy  and M ass T r a n s p o r t  M odels . A 
g e n e r a l  d e s c r i p t i o n  o f  th e  o v e r a l l  l o g i c  i s  shown in  F ig .  D - l ,  and t h i s  
i s  ex p anded  i n  F ig .  D -2. A n o th e r  m odel was d e v e lo p e d  u s in g  th e  i m p l i c i t  
s o l u t i o n  o f  th e  H ydrodynam ic M odel and  th e  e x p l i c i t  s o l u t i o n  o f  th e  E nergy  
and  Mass T r a n s p o r t  M o d e ls . A g e n e r a l  d e s c r i p t i o n  o f  th e  o v e r a l l  lo g ic  
i s  shown i n  F ig .  D-3 and  t h i s  i s  expanded  i n  F ig .  D -4. D e t a i l s  o f  th e  
n u m e r ic a l  s o l u t i o n  a r e  shown i n  C h a p te r  V. A b r i e f  d e s c r i p t i o n  o f  each  
s u b r o u t in e  u se d  in  t h i s  p ro g ram  i s  p r e s e n te d  in  T a b le  D - l .  The fo l lo w in g  
s e c t i o n  c o n s i s t s  o f  a  d e t a i l e d  in p u t  g u id e .  A co m p le te  l i s t i n g  w i l l  th e n  
f o l lo w  w hich  in c lu d e s  a  sam p le  d a t a  p ack a g e  and  a  r e s u l t i n g  s o l u t i o n .
In p u t  G uide
F ig .  D-5 shows th e  a s s e m b lin g  o f  th e  d a ta  pack ag e  r e q u i r e d  by GAYBAY. 
The f i r s t  616 c a r d s  have th e  d e p th s  an d  d i s p e r s io n  c o e f f i c i e n t s  u se d  f o r  
B a r a t a r i a  B ay. The d e p th s  o f  th e  bay  w ere  o b ta in e d  from  c o a s t a l  and 
G e o d e tic  S e r v ic e  Maps o f  th e  L o u is ia n a  C o a s t (No. 1 2 7 3 ). The d i s p e r s io n  
c o e f f i c i e n t s  w ere o b ta in e d  from  th e  l i t e r a t u r e  o f  s i m i l a r  s t u d i e s ,  a s  
i n d i c a t e d  in  C h a p te r  V. The n e x t  648 c a r d s  have th e  c o n d i t io n s  o f  th e  
bay  a t  th e  l a s t  i t e r a t i o n  o f  i n t e r e s t .  T hese  c a rd s  a r e  p ro d u ced  by GAY­
BAY i n  i t s  l a s t  i t e r a t i o n  b e f o r e  en d  o f  e x e c u t io n  and  i t  a l lo w s  th e  u s e r  
t o  s tu d y  r e l a t i v e l y  lo n g  p e r io d s  o f  r e a l  tim e  w h ile  o n ly  h a v in g  l i m i t e d
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p e r io d s  o f  co m p u te r tim e -  T hese  c a r d s  c o n ta in e d  th e  v e l o c i t i e s ,  w a te r  
l e v e l s ,  te m p e r a tu r e s  and  s a l i n i t i e s  f o r  each  g r i d  p o in t  in  th e  f i e l d  o f  
c a l c u l a t i o n .  F o llo w in g  t h i s  i s  th e  t i t l e  c a rd  and  th e  n a m e l i s t  o p t io n  
c a r d s .
PUNCH 
BAY























Figure D-l. G e n e ra l iz e d  C om puter Flow  D iagram  w ith  
I m p l i c i t  S o lu t io n  o f  th e  H ydrodynam ic , 






/ READ BATHYMETRY 
AND DISPERSION 
COEFFICIENTS
/R EA D  STARTING 
BAY CONDITIONS
/R E A D  TITLE 
AND NAMELIST 
SHADOW
I n i t i a l i z e s  
a l l  u se d  
v a lu e s
S t a t e  o f  th e  sy s te m  a t  
th e  end  o f  l a s t  ru n  o f  
i n t e r e s t ;  in c lu d e s  v e l o ­
c i t i e s ,  w a te r  l e v e l s ,  
te m p e r a tu r e s  and  s a l i n i ­








CHANGE DATA TO 
PROPER UNITS
©
I .  E xpanded C om puter F low  D iagram  w ith  
I m p l i c i t  S o lu t io n  o f  th e  H ydrodynam ic , 
E nergy  T r a n s p o r t ,  and  Mass T r a n s p o r t  
m odels
C a lc u la t io n  
o f  t i d a l  
l e v e l s  
a t  th e  






LEVELS OF FLOODING 
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s o lv e s  T r id ia g o n a l  
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MATRIX AND CONSTANT VECTOR 
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f o r  g iv e n  colum n 








C a l c u la t e s  
s a l i n i t i e s  
f o r  g iv e n  colum n 














A d ju s ts  w a te r  
l e v e l s  f o r  




































TIMESOLVE THE ENERGY 









/  CYCLE 
\  FINISHEDYES NO
STOP
F ig u re  D -3 . G e n e ra l iz e d  Com puter Flow  D iagram
w ith  I m p l i c i t  S o lu t io n  o f  th e  H ydro- 
dynam ic M odel and  E x p l i c i t  S o lu t io n  




I n i t i a l i z e s  
a l l  u sed  




/ read st a r t in g
BAY CONDITIONS






S ta t e  o f  th e  sy s te m  a t  
th e  end  o f  l a s t  ru n  o f  
i n t e r e s t ;  i n c lu d e s  v e l o ­
c i t i e s ,  w a te r  l e v e l s ,  
te m p e r a tu r e s  and  s a l i n i ­








CHANGE DATA TO 
PROPER UNITS
F ig u re  D -4. E xpanded C om puter Flow  D iagram  w ith
E x p l i c i t  S o lu t io n  o f  th e  H ydrodynam ic , 














C a lc u la t io n  
o f  t i d a l  
l e v e l s  
a t  th e  
p a s s e s
O f *
CALCULATE TRIDIAGONAL 
MATRIX AND CONSTANT 










LEVELS OF FLOODING 
GRID POINTS
s o lv e s  T r id ia g o n a l  
























MATRIX AND CONSTANT VECTOR 































C a l c u la t e s
G r id
T e m p e ra tu re s
E x p l i c i t l y
C a l c u la t e s
G r id
T e m p e ra tu re s
I m p l i c i t l y
Figure D-4. (continued)




A d ju s ts  w a te r  
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TABLE D -l 
DESCRIPTION OF SUBROUTINES
S u b ro u tin e  D e s c r ip t io n
INIT I n i t i a l i z e s  a l l  v a lu e s
u sed  in  th e  c a l c u l a t i o n .
TSCX N um erica l s o lu t i o n  o f  th e
s p e c ie s  e q u a t io n  in  th e  
x - d i r e c t i o n .  S o lv e s  f o r  
te m p e ra tu re s  and s a l i n i t i e s  
i m p l i c i t l y .
TSCY N um erica l s o lu t i o n  o f  th e
s p e c ie s  e q u a t io n  in  th e  
y - d i r e c t i o n .  S o lv e s  f o r  
te m p e ra tu re s  and s a l i n i t i e s  
i m p l i c i t l y .
JOHN C a lc u la te s  e x p l i c i t l y  th e
te m p e ra tu re s  and s a l i n i t i e s
o v e r  th e  w ho le  g r id  a t  th e  
s p e c i f i e d  tim e  s t e p .
TEMP C a lc u la te s  th e  s o u rc e s  and
s in k s  o f  h e a t  a t  th e  g iv e n  
g r id  p o in t .







S u b ro u tin e  D e s c r ip t io n  A d d i t io n a l  S u b ro u tin e s  R eq u ired
TRID S o lv es  sy stem  o f  s im u lta n e o u s  none
e q u a t io n s  w ith  t r i d i a g o n a l  m a t r i c e s .
Has b een  m o d if ie d  f o r  g r id  p o in t s  
i n  w h ich  t i d a l  l e v e l s  and v e l o c i t i e s  
a r e  known, ( b a r r i e r s ,  i s l a n d s ,  e t c . )
noneSALT C a lc u la te s  s e a  c o n d i t io n s  a t  th e
p a s s e s  f o r  incom ing  t i d e .  See
A ppendix  B, F ig .  B -21.
BPASS C a lc u la te s  t i d a l  l e v e l  none
v a r i a t i o n s  a t  B a r a t a r i a  P a s s .
G ives a  s in e  wave u s in g  s p e c i f i e d  
ra n g e s  and tim e s  o f  low  and
h ig h  t i d e .
QPASS C a lc u la te s  t i d a l  l e v e l  none
v a r i a t i o n s  a t  Q u a tre  Bayou P a s s .
(D elays t i d e  0 .8 7 5  h o u rs  as  
com pared w ith  th e  B a r a t a r i a  
P ass  t i d e ) .
CPASS C a lc u la te s  t i d a l  l e v e l  none
v a r i a t i o n s  a t  Cam inada P a s s .
(D elays t i d e  1 .3 5 8  h o u rs  
as  com pared w ith  th e  B a r a t a r i a  
P ass  t i d e ) .
TABLE D-l (continued)
S u b ro u tin e D e s c r ip t io n A d d i t io n a l  S u b ro u tin e s  R eq u ired
BLOCK DATA D ata  package c o n ta in in g  
a l l  d e f a u l t  d a t a  v a lu e s  and 
g r id  p o in t  c o o r d in a te  d a t a .
none
JIMMY P lo t s  v e l o c i t y  v e c to r s  i n  a  
g r id  p a t t e r n .  Can p l o t  v e c to r s  
w ith  r e l a t i v e  m a g n itu d e  o r  p l o t  
v e c to r s  o f  t h r e e  d i f f e r e n t  
m ag n itu d es  to  r e p r e s e n t  th e  
flo w  f i e l d .  The l a s t  o p t io n  i s  
u sed  due to  th e  l a r g e  d i f f e r e n c e  
i n  m ag n itu d es  t h a t  e x i s t .
ANGLE, LINE
ANGLE C a lc u la te s  th e  a n g le  o f  th e  
v e l o c i t y  v e c to r  b e in g  p l o t t e d  
w ith  r e s p e c t  to  th e  x - a x i s .
none
LINE P lo t s  o u t l i n e  o f  f i e l d  o f  
c a l c u l a t i o n .
none
RAIN C a lc u la te s  th e  r i s e  i n  w a te r  








STARTING BAY CONDITIONS 
(T e m p e ra tu re , s a l i n i t y ,  
w a te r  l e v e l s ,  v e l o c i t i e s )
Figure D-5. Program Deck Assemblage
The f o l l o w i n g  c h a r t  shows th e  fo rm at o f  th e  c a r d  i n p u t :
Card Variables Format
1-616 H ( J ,K ) ,  D TX (J,K), DTY(J,K) 5 F 1 0 .4
D PX (J,K ), DPY(J,K)
6 17-1264  U ( J ,K ) ,  V ( J ,K ) ,  L P (J ,K )  7X, 6 E 1 2 .4
L ( J ,K ) ,  T ( J , K ) , P ( J ,K )
1265 TITLE 20A4
1266-on  W, WANG, RHO, TSEA, N a m e l i s t
SSEA, TWB, TAIR,
PAIR, EPS, SIG , QRAD,
CMANN, TLOW, THIGH,
RANGEL, RANGEH, CORR 
FWR, RR, TRB, TRE
The v a r i a b l e s  c o n t a i n e d  i n  t h e  c a r d s  f o l l o w i n g  th e  t i t l e  c a r d  from  
t h e  NAMELIST/SHADOW/ o p t i o n .  A l l  t h e s e  v a r i a b l e s  have v a l u e s  s e t  i n ­
t e r n a l l y  i n  th e  p ro g ram . These  d e f a u l t  v a l u e s  a r e  shown i n  T a b le  D -2.
I f  any o f  t h e s e  v a l u e s  a r e  t o  be  c h a n g e d ,  th e y  a r e  e n t e r e d  u s i n g  th e  
n a m e l i s t  o p t i o n  a s  c a r d s  f o l l o w i n g  t h e  t i t l e  c a r d .  F o r  ex am p le ;  i f  t h e  
s e a  t e m p e r a t u r e ,  t h e  w et b u lb  t e m p e r a tu r e  and  t h e  f r e s h  w a te r  r u n o f f  a r e  
t o  be  c h a n g e d ,  i t  can  be  done by p l a c i n g  t h e  f o l l o w i n g  c a r d  a f t e r  th e  
t i t l e  c a r d :
b 6c SHADOW TSEA = 4 0 0 ,  TWB, 5 0 . 0 ,  FWR = 1 0 0 .0  b&END 
A l l  th e  o t h e r  v a r i a b l e s  i n  th e  n a m e l i s t  o p t i o n  w i l l  have d e f a u l t  v a l u e s .  
N ote  m ust be  made t h a t  ev en  when a l l  v a r i a b l e s  a r e  t o  have  d e f a u l t  v a l u e s ,  
a t  l e a s t  one m ust be e n t e r e d  i n  th e  n a m e l i s t  fo rm a t  t o  i n s u r e  t h a t  no end 
o f  d a t a  f i l e  e r r o r  t e r m i n a t e s  th e  e x e c u t io n  o f  t h e  p rog ram .
Variable Description
H (J ,K )  D ep th ,  d i s t a n c e  from  t h e  mean s e a
l e v e l  t o  t h e  b o t to m ,  a t  g r i d  p o i n t  
J , K . ( f e e t )
2TAI5LE D-2
DEFAULT VALUES USED IN COMPUTER PROGRAM
V a r i a b l e D e f a u l t v a l u e
W 0 . 0 ( f t / s e c )
WANG 0 . 0 ( r a d s . )
RHO 6 2 .4 ( l b s / f t 3 )
TSEA 6 0 .0 (°F)
SSEA 2 8 .0 ( ° /o o )
TWB 2 0 . 1 (°C)
TAIR 2 0 . 0 (°C)
PAIR 1 0 0 0 . 0 ( m i l l i b a r s )
EPS 0 .9 7 ( d i m e n s i o n l e s s )
SIG 1 .3 6 (k c a l /m ^ s e c ° k )
QRAD 0 .3 3 3 4
2
( k c a l /m  s e c )
CMANN 0 .0 2 6 ( d im e n s io n l e s s )
TLOW 1 2 . 0 ( h r s )
THIGH 2 4 .0 ( h r s )
RANGEL 1 . 1 ( f t )
RANGEH 1 . 1 ( f t )
CORR 0 . 0 ( h r s )
FWR 1 0 0 0 . 0 ( f t 3 / s e c )
RR 0 . 0 ( f t / h r )
TRB 0 . 0 ( h r s )
TRE 0 . 0 ( h r s )
V a r ia b l e D e s c r i p t i o n
DTX(J,K)
DTY( J ,K )
DPX(J,K)
DPY( J ,K )
U (J,K ) 
V (J ,K ) 
L P (J ,K )
L (J ,K )
T (J ,K )








T em p e ra tu re  d i s p e r s i o n  c o e f f i c i e n t  
i n  th e  x - d i r e c t i o n  a t  g r i d  p o i n t  J ,K .  
( f t  2 / s e c  )
T e m p e ra tu re  D i s p e r s i o n  C o e f f i c i e n t  
i n  th e  y - d i r e c t i o n  a t  g r i d  p o i n t  J ,K .  
( f t  / s e c  )
S a l i n i t y  d i s p e r s i o n  c o e f f i c i e n t  i n  
th e  x - d i r e c t i o n  a t  g r i d  p o i n t  J ,K .  
( f t ^ / s e c  )
S a l i n i t y  d i s p e r s i o n  c o e f f i c i e n t  i n  
th e  y - d i r e c t i o n  a t  g r i d  p o i n t  J ,K .
( f t  / s e c  )
V e lo c i ty  i n  t h e  x - d i r e c t i o n  a t  
g r i d  p o i n t  J ,K .  ( f t / s e c )
V e lo c i ty  i n  t h e  y - d i r e c t i o n  a t  
g r i d  p o i n t  J ,K .  ( f t / s e c )
W ater  l e v e l ,  h e i g h t  above mean s e a  
l e v e l ,  a t  g r i d  p o i n t  J ,K ;  c a l c u ­
l a t e d  a t  t h e  f i r s t  h a l f - t i m e  s t e p ,  
( f e e t )
W ater  l e v e l  a t  g r i d  p o i n t  J ,K ;  
c a l c u l a t e d  a t  th e  second  h a l f - t i m e  
s t e p ,  ( f e e t )
T e m p e ra tu re  a t  g r i d  p o i n t  J ,K .  ( ° F )
S a l i n i t y  a t  g r i d  p o i n t  J ,K .  ( ° / o o )
T i t l e  f o r  i d e n t i f i c a t i o n  o f  ru n
Wind sp eed  ( f t / s e c )
Wind a n g l e  w i th  r e s p e c t  t o  t h e  x -  
a x i s .  ( r a d i a n s )
3
W ater  d e n s i t y  ( l b s / f t  )
Sea t e m p e r a t u r e  ( ° F )
Sea s a l i n i t y  ( °F )
















Dc.sc* ri ])t i on
Air pressure.(millibars)





Noon solar radiation.(kcal/m sec)
Manning friction factor coefficient, 
(dimensionless)
Time after start of run when low 
tide occurs. (hrs)
Time after start of run when high 
tide occurs. (hrs)
Range of low tide. (ft)
Range of high tide. (ft)
Time after start of run when sun 
rises (A negative number if the sun 
is up at the start of the run.)
(hrs)
Fresh water runoff entering at the 
top of the bay at pre-established 
points, (ft^/sec)
Rainfall rate (ft/hr)
Time after start of run when rain­
fall begins, (hrs)
Time after start of run when rain­
fall stops. (hrs)
MAI  N 10








REAL*8  S U B , S U P , D I A G . B MAIN 6 0
REAL* 8 DOLD MAIN 70
REAL LL MAIN 8 0
REAL N MAIN 9 0
INTEGER E 1 . E 2 . E 3 . E 4 MAI N 1 0 0
RE A L * 8  U , V , L , L P , T , P . H MAIN 1 10
INTEGER CO 1 « C 0 2 , C 0 3 MAIN 1 2 0
DIMENSION T I T L E ( 2 0 ) MAIN 130
DI MENSIUN RBI 4 0 ) , R D ( 4 0 ) , R P ( 4 0 ) . B B ( 4 0 ) . A( 4 0 ) , C S ( 4 0 ) , B D ( 4 0 ) MAI N 1 4 0
DIMENSION ALC 4 0 ) , D ( 4 0 ) , S U P ( 8 0 ) , SUB( 8 0 ) , D I A G ( 8 0 ) * 8 ( 8 0 ) MAI N 150
DIMENSION VEL( 4 0 , 2 0 ) MAIN 1 6 0
C O M M O N / A I / C ( 4 0 , 2 0 ) , T ( 4 0 , 2 0 ) , P ( 4 0 , 2 0 ) , D E ( 4 0 , 2 0 ) MAIN 170
COMMON/ A2/ DTX( 4 0 , 2 0 ) , DTY( 4 0 , 2 0 ) , D P X ( 4 0 . 2 0 ) , D P Y ( 4  0 , 2 0 ) MAI N 1 8 0
C 0 M M 0 N / A 3 / T I M E , TMAX, T P R I N T , T I ME R , THR, DELT MAIN 1 9 0
COMMON/A4/DEL.X,  SET D. CMANN, SETC MAI N 2 0 0
C O M MO N / A5 / TW B , TA I R , T S E A , N » C P » E P S , S I G , Q R A D MAIN 2 1 0
COMMON/ A6/ PAIR MAIN 2 2 0
C 0 M M 0 N / A7 / S S E A MAIN 2 3 0
COMMON/A8/W,WANG MAIN 2 4 0
C O M M O N / A9 / RH 0 A I R, RH O , G MAIN 2 5 0
COMMON/ Bl / T HRI  1 , T H R I 2 , T H R I 3 MAIN 2 6 0
COMMON/8 2 / CORR MAIN 2 7 0
C Q MM0 N/ B 3 / MI N, MAX» NAX MAIN 2 8 0
COMMON/ B4/ MINA, M AX1, MAXI1 , MAXA MAIN 2 9 0
COMMON/8 5 / M I N Y , M I NY A , N A X 1 , NAX1 1 ,NAXA MAIN 3 0 0
C 0 M M 0 N / B 6 / B MAIN 3 1 0
COMMON/B7/KODE MAIN 3 2 0
C O M M O N / B 8 / T 1 * P 1 , T 2 , P 2 , T 3 , P 3 MAIN 3 3 0
COMMON/8 9 /  L ( 4 0 . 2 0 ) , L P ( 4 0 , 2 0 ) , H ( 4 0 , 2 0 ) , 0 ( 4 0 , 2 0 ) • V ( 4 0 , 2 0 ) *UMOVE( 4 0 • MAI N 3 4 0
1 2 0  ) ,  VMOVE( 4 0 , 2 0 ) MAIN 3 5 0
COMMON/C1 /  FWR.PFW MAIN 3 6 0
250
C 0 M M 0 N / C 3 / R R , T R B . T R E MAIN 3 7 0
C 0 M M 0 N / C 4 / E 1 , E 2 , E 3 . E 4 MAI N 3 8 0
C O M MO N / C5 / T L 0 W . T H I G H . RA N G E H , RA N G E L . T I M E  IN MAIN 3 9 0
C0 MM 0 N / C6 /  DO LD( 4 0 *  2 0 ) MAIN 4 0 0
DUMMY = 0 . 0 MAIN 4 1 0
J  I M=0 MAIN 4 2 0
NAMELIST/ SHADOW/ W.WANG• RHO• T S E A . S S E A • T P R I N T « D E L T *TWB* TAIR . P A I R .  MAIN 4 3 0
I N . E P S • PF W. ORA D. CMA NN. T L OW. T H I G H. RA NG E L . R ANG E H. CDRR. FWR• RR . T R B . T R E  MAIN 4 4 0
C * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * 4 5 0
(;♦♦♦♦♦♦♦♦ U=VELOCITY IN THE X - D I R E C T I O N ( F E E T / S E C ) ♦ MAIN 4 6 0
^ ♦ ♦ ♦ ♦ ♦ ^  * V=VELOCITY IN THE Y - D I R E C T I O N ( F E E T / S E C ) ♦ MAIN 4 7 0
( : ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ L=LEVEL ABOVE MEAN SEA LEVEL ( FEET ) ♦ MAIN 4 8 0
c ******** LP=LEVEL ABOVE MEAN SEA LEVEL ( F E E T ) ♦ MAIN 4 9 0
<:♦♦♦♦♦♦♦♦ H=DEPTH BELOW MEAN SEA LEVEL ( F E E T ) ♦MAIN 5 0 0
(:♦♦♦♦♦♦♦♦ P = S A L I N I T Y ( 0 / 0 0 ) ♦ MAI N 51 0
£♦♦♦♦♦♦♦♦ T=TEMPERATURE ( D E G S .  F ) ♦ MAI N 5 2 0
< ; ♦ ♦ ♦ ♦ ♦ * * ♦ S=GENERAT ION OF ENERGY ( D E G S .  F / S E C ) ♦ MAIN 5 3 0
DE=DEPTH ( F E E T ) ♦MAIN 5 4 0
< ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ DTX=TEMPERATURE D I S P E R S I O N / X - D I R • / ( F T * * 2 / S E C ) ♦ MAIN 5 5 0
< ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ DTY=TEMPERATURE D I S P E R S I O N / Y - D I R . / < F T * * 2 / S E C ) ♦ MAIN 5 6 0
< ; ♦ ♦ * ♦ ♦ ♦ ♦ ♦ DP X = S A L I N I T Y  D I S P E R S I O N / X - D I R • / {F T 4 4 2 / S E C ) ♦ MAIN 5 7 0
O P Y = S A L I N I T Y D I S P E R S I O N / Y - D I R • / ( F T * * 2 / S E C ) ♦MAIN 5 8 0
( ; * ♦ ♦ ♦ ♦ ♦ ♦ * DELX = GRID S T E P S  I ZE ( F E E T ) ♦ MAIN 5 9 0
< ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ SETD=MINI  MUM DEPTH ALLOWED I N THE G R I D ( F E E T ) ♦ MAIN 6 0 0
< : ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ CMANN=MANNING C O E F F I C I E N T DI MENS I ONLE SS ♦ MAIN 6 1 0
( ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ DELT=TIME S T E P S I Z E ( SECONDS) ♦ MAIN 6 2 0
c * * * * * * * * TIME=SYSTEM TIME ( SECONDS) ♦ MAIN 6 3 0
( ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ TLOW=TIME AT WHICH LOW T I DE  OCCURS (HOURS) ♦ MAIN 6 4 0
(;♦♦♦♦♦♦♦♦ THIGH=TI ME AT WHICH HIGH T I D E  OCCURS (HOURS) ♦MAIN 6 5 0
C = = = = = = = = PROGRAM STOPS AT HIGH T I D E  = = = = = = = = = = = = = = = = MAIN 6 6 0
c******** RANGEL=RANGE OF LOW TI DE ( F E E T ) ♦ MAIN 6 7 0
RANGEH=RANGE OF HIGH TIDE ( F E E T ) ♦ MAI N 6 8 0
< ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ T P R I N T = P R I N T I N G  TIME INTERVAL ( N O . I T E R . H Y D O . ) ♦ MAIN 6 9 0
( ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ T I ME R = P R I N T I N G  CLOCK ( HOU RS ) ♦  MAIN 7 0 0
( ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ TWB=WET BULB TEMPERATURE ( D E G S .  C) ♦ MAIN 7 1 0
( ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ TAIR=TEMPERATURE OF AIR ( D E G S .  C) ♦ MAIN 7 2 0
( ; ♦ ♦ * ♦ * ♦ ♦ ♦ TSEA=TEMPERATURE OF OPEN SEA ( DE G S .  F ) ♦ MAI N 7 3 0
<;**♦**♦** N=EV APORAT I ON C O E F F I C I E N T DI MENS I ONLE SS ♦ MA I N 7 4 0
CP=HEAT CAPACITY OF WATER ( B T U / L B ) ♦ MAIN 7 5 0
c******** RHO=WATER DENSI TY ( L B S / F T  * * 3 ) ♦ MAI N 7 6 0
< ; * ♦ * * ♦ * * * RHOAI R=AI R DENSI TY ( L B S / F  T * * 3 ) ♦ MAIN 7 7 0
( ; ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ G= ACCEL• DUE TO GRAVITY ( F T / S E C * * 2 ) ♦ MAIN 7 8 0
(;♦♦♦♦♦♦♦♦ EP S=EMMISIV I T  Y DI MENS I ONLE SS ♦ MAI N 7 9 0
( ; ♦ * ♦ * * * ♦ * SI G=STEFAN/ BOLTZMAN CONSTANT ( K C A L / M * * 2 * S E C * D E G . K )  *MAIN 8 0 0
C * * * * * * * * QRAD=SOLAR RADI ATI ON ( K C A L / M * * 2 * S E C ) ♦ MAIN 8 1 0
c******** P A I R = A I R  PRESSURE ( M I L L I B A R S ) ♦ MAIN 8 2 0
SSEA=SEA S A L I N I T Y ( 0 / 0 0 ) ♦ MAIN 8 3 0
(;♦♦*♦♦♦♦* W=WIND VELOCITY ( F T / S E C ) ♦ MAIN 8 4 0
<;*♦**♦*♦* WANG=ANGLE BETWEEN WIND D I R . A N D  X A X I S ( D E G S ) ♦ MAIN 8 5 0
£ ♦ ♦ ♦ ♦ ♦ ♦ ♦ ♦ FWR I S  THE FRESH WATER INPUT < F T * * 3 / S E C > MAIN 8 6 0
( : ♦ ♦ ♦ * ♦ ♦ ♦ ♦ ♦ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * A IN 8 7 0
CALL E R R S E T I 2 0 8 , 2 5 6 . - 1 , 1 ) MAI N 8 8 0
PFW = 8 • 0 MAIN 8 9 0
C PFW I S  THE S A L I N I T Y  OF THE FRESH WATER RUNOFF MAIN 9 0 0
IT MR= 0 MAIN 9 1 0
MINA= MI N - 1 MAI N 9 2 0
M I NB= M I N - 2 MAIN 9 3 0
MIN1 = MIN+1 MAIN 9 4  0
MIN2= MIN+2 MAIN 9 5 0
MAXA= MAX-1 MAIN 9 6 0
MAX8 =MAX—2 MAIN 9 7 0
MAX 1 = MAX+ 1 MAIN 9 8 0
MAXI 1=MAX+2 MAIN 9 9 0
MAXC = ( M A X 1 - M I N ) * 2 M A I N1 0 0 0
MAXO =MAXC— 1 MAI N1 0 1 0
NAX 1 = NAX+1 MAIN 1 0 2 0
NAX A= NAX— 1 MAI N1 0 3 0
NAXB= NAX—2 MAINI  0 4 0
NAX 1 1 =NAX+2 M A I N1 0 5 0
NAXC= ( N A X 1 - M I N ) * 2 MAIN 1 0 6 0
NAXD= NAXC— 1 M A I N1 0 7 0
C 0 1 = M I N * 2 + 1 M A I N I 0 8 0
n ;Lf
C 0 2 = M I N * 2  
C03=M I N * 2 - 1
C - * - * - * - *  I N I T I A L I Z E  DATA ALL VALUES EQUAL ZERO 
CALL I N I T  
T I M E I N = T I  ME 
T H R = 0 . 0  
C READ DATA
W R I T E ! 6 . 1 0 1 )
R E A D ( 5 * 1 0 0 )H(  9 , 2 ) , DTX! 9 , 2 > , D T Y {  9 , 2 ) , DPX! 9 . 2 ) , D P Y !  9 , 2 )
W R I T E ! 6 . 1 0 0 ) H !  9 , 2  ) , DTX(  9 , 2 ) , D T Y (  9 , 2 ) , DPX!  9 , 2 ) , D P Y {  9 , 2 )
R E A D ! 5 ,  1 0 0  )H{ 1 8 , 2 ) , D T X ( 1 8 , 2 ) , D T Y ( 1 8 , 2 ) , D P X ( 1 8 , 2 )  , D P Y ( 1 8 , 2 )
W R I T E ! 6 . 1 0 0 ) H ! 1 8 , 2 ) , D T X ( 1 8 , 2 ) , D T Y C 1 8 , 2 ) , D P X ( 1 8 , 2 ) , D P Y { 1 8 , 2 >
R E A D ! 5 , 1 0 0 ) H ( 2 3 , 2 ) , D T X ( 2 3 , 2 ) , DTY( 2 3 , 2 ) , D P X ( 2 3 . 2 ) , D P Y ( 2 3 , 2 )
W R I T E ! 6 , 1 0 0 1 H ( 2 3 , 2 ) , D T X ( 2 3 , 2 ) , D T Y ( 2 3 , 2 )  , D P X ! 2 3 , 2 ) , D P Y ! 2 3 , 2 )
R E A D ! 5 , 1 0 0 ) H ! 2 7 , 2 ) , D T X ! 2 7 , 2 ) , D T Y ! 2 7 , 2 ) , D P X ( 2 7 , 2 ) , D P Y ! 2 7 , 2 )
W R I T E ! 6 , 1 0 0 ) H ! 2 7 , 2 ) , D T X ! 2 7 , 2 ) , D T Y ! 2 7 , 2 ) , D P X ! 2 7 , 2 ) , D P Y ! 2 7 , 2 )
DO 8 K=M I N • NAX1 
DO 8 J = M I N , M A X l
R E A D ! 5 , 1 0 0 )  H ! J , K ) , DTX( J , K ) , DTY( J • K ) , D P X ! J • K.) , D P Y ! J  , K )
W R I T E ! 6 , 1 1 0 )  H ! J , K )  , DTX! J , K ) • DTY! J , K ) , D P X ! J , K ) , D P Y ( J , K ) , J , K  
8 CONTINUE
T I M E = T H R * 3 6 0 0 . 0  
WR I T E ! 6 , 9 2 4 )
9 2 4  F O R M A T ! 1 H 1 . / / . 2 X , ' G R I D  P O I N T ' , S X . ' U  V E L O C I T Y • , 7 X , • V V E L O C I T Y • , 7 X • • MAI N1 3 2 0  
1 WATER L E V E L ' , 6 X , ' W A T E R  L E V E L • , 6 X , • TEMPERATURE'  , 6 X , • S A L I N I T Y ' , / , 1 8 X M A I N 1 3 3 0  
2 , • ! F T / S E C ) • • 9 X , • ! F T / S E C ) • , 9 X , ' I L - F E E T ) • , 9 X , • ! L P - F E E T ) • , 8 X , • I D E G S ,  MAIN 1 3 4 0
M A I N l 0 9 0  
MAIN 1 100  
* - 4 —*—* - * - * - M A I N I  I 10 
M A I N 1 1 2 0  
MAI N1 1 3 0  
MAINI  1 4 0  
M AIN 1 1 5 0  
M A I N 1 1 6 0  
MAIN1 170  
MAIN 1 1 8 0  
MAIN 1 1 9 0  
MAIN1 2 0 0  
M A I N 1 2 1 0  
MAIN 1 2 2 0  
M AIN 1 2 3 0  
MAI N1 2 4 0  
M A I N 1 2 5 0  
MA I N 1 2 6 0  
M A I N 1 2 7 0  
MAINI  2 8 0  
M A I N 1 2 9 0  
MAINI  3 0 0  
MAIN 1 3 1 0
7
925
3 F ) • »  8 X ,  ' ! P P T H ) ' , / / )
DO 7  J = M I N , MAX 1 
DO 7 K=MINA,NAX1
R E A D ! 5 , 9 2 1 > U ! J » K ) « V ! J , K ) , L ( J  ,  K ) , L P ( J « K ) , T ! J , K ) , P ( J » K )
W R I T E ! 6 , 9 2 5 ) J , < , U ! J , K ) , V ! J * K ) , L ! J , K ) , L P ! J , K ) , T ( J , K ) , P ! J , K )
CONTINUE
F O R M A T ! 1 X * ' ! * , I 3 , ' , ' , I 3 , ' ) ' , 6 ! 5 X , E 1 2 . 4 > )
R E A D ! 5 , 1 0 8 )  T I T L E  
R E A D ! 5 , SHADOW)
WRITE 1 6 , SHADOW)
MAIN 1 3 5 0  
MAI N1 3 6 0  
MAINI  3 7 0  
M AI N1 3 8 0  
MAIN 1 3 9 0  
MAIN 1 4 0 0  
M A I N 1 4 1 0  
MAI N1 4 2 0  
MAI N1 4 3 0  
MAI N1 4 4  0
C 4 —4 —4 —4 —4—4—
0 0  4 2 2  J =MI N» MAX 1 
DO 4 2 2  K=MIN « NAX1
D O L D ( J , K }  = 0 . 2 5 4 <  H< J - l  , K - 1 ) + H < J - l ,  
4 2 2  CONTINUE
RBC=G*OELT/ C 2 . 0 4 D E L X )
TL C P I = L ( 9 . 3 )
T L B P I = L ( 1 8 . 3 )
T L P A I = L ( 2 3 . 3 )
T L Q B P I = L ( 2 7 . 3 )
T L B P = T L 8 P I  
T L C P = T L C P I  
TLP A= TLPAI  
TLQBP= TL QBP I
W R I T E ( 6 . 1 0 2 )  TLOW,RANGEL 
W R I T E ( 6 . 1 0 3 )  THIGH, RANGEH 
WR I T E ( 6 . 1 0 4 )  T S E A . S S E A  
W R I T E ( 6 . 1 0 5 )  T A I R , T W B . P A I R
N 1 4 5 0  
N 1 4 6 0  
N 1 4 7 0  
N 1 4 8 0  
N 1 4 9 0  
N 1 5 0 0  
N 1 51 0 
N 1 5 2 0  
N 1 5 3 0 
N 1 5 4 0  
N 1 5 5 0  
N 1 5 6 0  
N 1 5 7 0  
N 1 5 8 0  
N 1 5 9 0
4 —4 —4 - 4 - 4 —4 —4 —4 —4 —4 —4 —4 —4 —4M A IN 1 6 0 0
M A I N 1 6 1 0  
M A I N 1 6 2 0
4 —4 —4 —4 —4—4 — 4—4 —4 —4 —4 —4 MAINI  6 3 0
MAIN 1 6 4 0  
M A I N 1 6 5 0  
J . K )  M A I N I 6 6 0
MAI N16 7 0  
MAI N1 6 8 0  
M A I N 1 6 9 0  
MA IN 1 7 0 0  
M A I N 1 7 1 0  
MAIN 1 7 2 0  
MAI N1 7 3 0  
MAI N1 7 4 0  
M A I N 1 7 5 0  
MAI NI  7 6 0  
M AI N1 7 7 0  
MAI N1 7 8 0  
M AI N1 7 9 0  
M A I N 1 8 0 0
W R I T E ( 6 . 1 0 9 )  T I T L E  MAI
I T P R = T P R I N T + 0 . 0 1  MAI
ITLOW-=TLOW + 0 . 01 MAI
I T  HIG H= T H I G H + 0 . 0 1 MAI
C MAI
C4— 4 —4 —4 —4 — 4— 4— 4 —4— 4 —4 — 4 — 4— 4— 4 — 4 —4 —4—4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 - 4 —4 —4 —4 —4 —4 MA I 
C MAI
C MAI
C 4 4 4 4 4 4 4 4  CALCULATE CHEZY C O E F F I C I E N T S  4 4  4 4 4 4 4 4 4 4 4 4 4  4 4 * 4 4 4 4 4 4 4  4 4 4  4 4 4 4  4MA I
DO 4 J =  MINB• MA X1 1 MAI
DO 4  K = M I N B . N A X l l  MAI
DE ( J . K )  =H(  J » K ) + t _ { J » K )  MAI
I F ( D E ( J . K ) . L E . O . 1 ) D E ( J . K ) = 0 . 1 MAI
C ( J . K  ) = ( 1 . 4 9 / C M A N N ) 4 ( D E ( J , K ) 4 4 ( 0 . 1 6 6 7 )  ) MAI
4 CONTINUE MAI
C - 4 - 4 - 4 - 4  CALCULATE WIND S T R E S S  - 4 - 4 - 4 - 4 - 4 -  
T W I N X = 0 . 0 0 2 6 4 R H 0 A I R 4 ( W 4 4 2 . 0 ) 4 C 0 S ( W A N G )
T W I N Y = 0 . 0 0  2 6 4 R H O A I R 4 ( W 4 4 2 . 0 ) 4 S I  N ( WANG)
4 —4 —4 —4 —4 —
K ) + H ( J . K - 1 ) + H ( J . K ) ) + L (
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S U B ( I ) = - R D ( J ) M A I N 2 5 J 0
16 CONTINUE M AI N 2 5 4 0
DO 17  J  = M I N 1 • MAX M A I N 2 5 5 0
1 = J * 2 —C 0 2  M A I N 2 5 6 0
S U B I I ) = - R B < J ) M A I N 2 5 7 0
17 CONTINUE M A I N2 5 8 0
M A I N 2 5 9 0
SET UP THE CONSTANT VECTOR - B -  M A I N 2 6 0 0
M A I N 2 6 1 0
DO 18  J =MI N» MAX M A I N2 6 2 0
B B { J ) = U ( J . K ) + < - D E L T / ( 2 . 0 * D E L X ) * < U < J »K + 1 ) - U ( J . K - I ) )  } * ( . 2 5 * < V < J + 1 . K ) M A I N 2 6 3 0  
l + V ( J . K ) + V ( J . K - l ) + V ( J + l . K - l ) ) ) - G * D E L T / ( 2 . * D E L X ) * ( L P ( J + l , K ) - L P ( J . K ) ) M A I N 2 6 4 0
2 - G * D E L T / 2 . * U ( J  » < ) * DS Q RT ( < U<  J . K  > * * 2  + ( 0 . 2 5 * < V ( J + 1 » K ) + V ( J . K ) + V ( J . K —1 M A I N 2 6 5 0  
3 ) + V ( J  + l . K - 1 ) )  ) * * 2  ) ) / ( • 5 * ( H ( J * K ) + H ( J »  K— i ) + L ( J + l » K ) + L ( J  »K) ) * ( 0 . 5 * M A I N 2 6 6 0
4 ( C ( J + 1 . K ) + C ( J » K ) ) ) * * 2 )  + D E L T * T W I N X / ( R H 0 * 0 . 5 * ( H ( J * K ) + H ( J • K - 1 ) + L ( J + 1 M A I N 2 6 7 0  
5 . K ) + L ( J . K ) ) )  M A I N 2 6 8 0
I = J * 2 —C 0 3  M A I N 2 6 9 0
B ( I ) = B 8 ( J ) M A I N2 7 0 0
18  CONTINUE M A I N 2 7 1 0
B ( 1 ) = B B < M I N ) - R P ( M I N ) * U C M I N . K )  M A I N 2 7 2 0
DO 1 9  J = M I N I . MAX 1 M A I N 2 7 3 0
A ( J )  = L ( J . K )  + ( H ( J . K - l ) + H ( J - l . K - l  ) + L ( J * K ) + L ( J . K - 1 ) ) * V < J . K - 1 ) * ( D E L T / C  MAIN2 7 4 0
1 4 . * D E L X ) ) - ( H ( J . K ) + H ( J - l , K ) + L ( J . K + 1 ) + L ( J . K ) ) * V ( J . K ) * ( D E L T / ( 4 • O+DELXMAIN27 5 0  
2 ) )  M A I N 2 7 6 0
I = J * 2 —C02  M A I N 2 7 7 0
B ( I ) = A ( J )  M A I N 2 7 8 0
19  CONTINUE M A I N 2 7 9 0
B { 2 )  = A ( M I N I  ) +R D ( MI N  1 ) * U ( M I N . K )  M A I N 2 8 0 0
B ( M A X C ) = A ( M A X I ) —RD( MAX 1 ) * U ( M A X 1 . K )  M A I N 2 8 1 0
C DO 2 0 1  1 = 1 .MAXC MA1 N 2 8 2 0
C 2 0 1  W R I T E ( 6 . 9 0 3 ) I . S U B I I ) . S U P ( I ) . D I A G C I ) . B ( I ) M A I N 2 8 3 0
C M A I N 2 8 4 0
C M A I N 2 8 5 0
C SET MATRIX ELEMENTS TO SIMULATE B A R R I E R S  M A I N 2 8 6 0
C M A I N 2 8 7 0







DO 1 2 0  J  = M I N 1» MAX MAIN2 8 9 0
1 = 1 + 1 M A I N 2 9 0 0
M = J * 2 - I M A I N 2 9 1 0
M=J-M MAIN 2 9 2 0
D E ( J « K ) = H ( J , K ) + L ( J . K ) M A I N 2 9 3 0
I F ( D E ( J . K ) . L E . S E T D )  GO TO 121 M A I N2 9 4 0
GO TO 1 2 0 M A I N 2 9 5 0
S U B ( M ) = 0 . 0 MAIN 2 9 6 0
DI  AG( M ) -=0 • 0 M A I N 2 9 7 0
S U P C M - l ) = 0 . 0 M A I N 2 9 8 0
S U B C M - l ) = 0 . 0 M A I N 2 9 9 0
D I A G ( M - 1 ) = 0 . 0 M A I N3 0 0 0
S U P ( M - 2 ) = 0 . 0 M A I N 3 0 1 0
I F ( ( M - 3  ) . E Q . O ) G O  TO 1 2 0 M A I N 3 0 2 0
S U B( M—2 ) = 0 • 0 M A I N 3 0 3 0
D I AG ( M—2 ) = 0 . 0 MA IN 30 4 0
S U P ( M - 3  ) = 0 . 0 M A I N 3 0 5 0
CONTINUE M AI N 3 0 6 0
THE TRI DI MENSI ONAL MATRIX I S  SET -  SOLVE CALLING T R I D M A I N 3 0 7 0  
M A I N 3 0 8 0
M=MAX C M A I N 3 0 9 0
CALL T R I D ( S U B . S U P . D I A G . B . M) M A I N 3 1 0 0  
M A I N 3 1 1 0
PLACE SOLUTION B INTO R E S P E C T I V E  VECTORS MAIN 3 1 2 0  
MA I N3 1 3 0
L P ( M I N , K ) = B < 1) M A I N 3 1 4 0
L P ( M I N I * K ) = B ( 2 ) M A I N 3 1 5 0
DO 2 0  J = 4 . MAXC. 2 M A I N 3 160
I = J / 2 + M I N M A I N 3 1 7 0
L P ( I * K)=B( J ) M A I N 3 1 8 0
CONTINUE M A I N 3 1 9 0
DO 21  J = 3 »  MAXD.2 M A I N 3 2 0 0
I = ( J + M I N 2 ) / 2 M A I N 3 2 1 0
U( I . K  ) = B( J  ) M A I N 3 2 2 0
CONTINUE MAIN 3 2 3 0
C H E C K = 0 . 0 MAIN 3 2 4 0 258
n
o
n MAIN 3 2 5 0  
M A I N 3 2 6 0  
M A I N 3 2 7 0
I F ( K . E Q . N A X 1 ) L P < J . K —1 ) = L P ( J . K - l ) - D E L L  M A I N 3 4 0 0
2 0 0  CONTINUE M A I N3 4 1 0
C MAIN 3 4 2 0
C LEVELS HAVE BEEN CHECKED TO SETD AND V E L O C I T I E S  SET TO ZERO M A I N 3 4 3 0
C WHILE CONSERVING WATER IN THE SYSTEM M A I N 3 4 4 0
C M A I N3 4 5 0
C KTH ROW VALUES HAVE BEEN CALCULATED M A I N 3 4 6 0
C M A I N 3 4 7 0
2 4  CONTINUE M A I N 3 4 8 0
C M A I N3 4 9 0
C VALUES FOR THE U VELOCITY ARE STORED IN U ( J . K )  M A I N 3 5 0 0
C VALUES FOR THE WATER HEIGHT ARE STORED I N L P ( J . K )  M A I N 3 5 I 0
C NO E X P L I C I T  VALUES OF V ARE NEEDED M A I N 3 5 2 0
C MAI N3 5 3 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * a I N3 5 4  0
C * * *  * * * M A I N 3 S 5 0
C * * *  1ST 1 / 2  STEP VALUES HAVE BEEN * * * M A I N 3 5 6 0
C * * *  CALCULATED FOR THE HYDRODYNAMICS » * * M A I N 3 5 7 0
C * * *  * * * M A I N 3 5 8 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * mA I N 3 5 9 0




C M A I N 3 6 1 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * mA I N 3 6 2 0
C * * *  ALL CALCULATIONS FOR THE F I R S T  * * * M A I N 3 6 3 0
C * * *  HALF TIME STEP HAVE BEEN CONCLUDED * * * M A I N 3 6 4 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * M A I N 3 6 5 0
C MAIN 3 6 6 0
C M A I N 3 6 7 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *MA I N 3 6 B 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *MAI N3 6 9 0
C * * *  START 2ND 1 / 2  TIME STEP * * * M A I N 3 7 0 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  M A I N 3 7 10
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * M A I N 3 7 2 0
C M A I N 3 7 3 0
C M A I N 3 7 4 0
C ADVANCE 1 / 2  TIME S T E P  M A I N 3 7 5 0
C M A I N 3 7 6 0
TI ME=TI ME + 0 » 5 * DE LT M A I N 3 7 7 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * *  CLOCK * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * M A I N 3 7 8 0  
THR=T I M E / 3 6 0 0 . 0  M A I N 3 7 9 0
IT MR=ITMR+1 M A I N 3 8 0 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * M A I N 3 8 10
M A I N3 8 2 0
********* FRESH WATER INPUT ****************************************MAIN3830 
LP(26•19)=LP(26, 19)+FWR*DELT/(4.0* <DELX**2>) MAIN3840
LP(17*19)=LP(17, 19 )+FWR*DELT/(4.0*<DELX**2>) MAIN3850
P(26* 19 >=PFW MAIN3860
P ( 17* 19 ) = PFW MAIN3870
C***********************************************************************MAIN388 0 
C MAIN3890
C—*-*— *— * SET TIDAL IMPUTS -*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*-*MAIN3900 
CALL CPASS(THRtDTLCP) MAIN3910



















LP< 2 7 . 3  ) = TLQBP+DTLQBP+CRAC3
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
******** START CALCULATION FOR THE SEC 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
DO 58 J = MIN • MAX 1 
MINY=MIN
NAXC = ( NAX 1—MIN ) * 2 
NAXD=NAXC- 1 
CO 1= M I N Y * 2 + 1 
C 0 2 = M I N Y * 2  
C 0 3 = M I N Y * 2 —1 
MI NY 1 =M INY + 1 
MINY2=MI NY+2 
MI NYA=MI NY- I
SET UP THE UPPER DIAGONAL -SUP- 
DO 40 K=MINY•NAX 1
R D ( K ) = ( H ( J , K )  + H ( J - l  » K ) + L P ( J . K ) + L P <
40 CONTINUE




DO 42 K=MI NY 1•NAX 
I= K * 2 —C0 2  
SUPCI)=RD(K)
42 CONTINUE
SET THE MAIN DIAGONAL -DIAG- 
DO 46 K=MI NY•NAX
M A I N 3 9 7 0
* —* —* —* —* —*—*—*—* —*—* —* —* —* —* —* —M A I N 3 9 8 0
M A I N3 9 9 0  
M AI N 4 0 0 0
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  AI N40  10
OND PASS * * * * * * * * * * * * * * * * * * * * * * M A I N 4 0 2 0
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * M A I N 4 0 3 0
M A I N 4 0 4 0  
M A I N 4 0 5 0  
M A I N 4 0 6 0  
M AI N 4 0 7 0  
MA I N4 0 8 0  
M A I N 4 0 9 0  
M A I N4 1 0 0  
M A I N 4 1 10 
M A I N 4 1 2 0  
M A I N 4 1 30  
M A I N4 1 4 0  
M A I N4 1 5 0  
MA I N4 1 6 0  
M A I N 4 1 7 0
J . K + l  ) ) * ( D E L T / ( 4 . 0 4 D E L X )  ) MAIN41 8 0
M A I N 4 1 9 0  
M A I N 4 2 0 0  
M AI N 4 2 1 0  
M A I N 4 2 2 0  
M AI N 4 2 3 0  
MA I N4 2 4 0  
M A I N 4 2 5 0  
M A I N 4 2 6 0  
M A I N4 2 7 0  
M A I N 4 2 8 0  
M A I N 4 2 9 0  
M A I N 4 3 0 0  
M A I N 4 3 1 0  




SET THE APPROPIATE CONDITIONS FOR GULF BOUNDARIES MAIN4330
MAIN4340
I F ( J • EQ• 9 • AND• < «EQ «M I NY)GO TO 4 3  M A I N4 3 5 0
I F ( J . E Q . 1 8 . A N D . K . E 0 . M I N Y ) G 0  TO 4 3  M A I N4 3 6 0
I F ( J . E Q . 2 3 . A N D . K . E Q . M I N Y > G O  TO 4 3  M A I N4 3 7 0
I F ( J . E Q . 2 7 . A N D . K . E G . M I N Y ) GO TO 4 3  M A I N 4 3 8 0
I F ( K . E Q . M I N Y )  GO TO 4 5  M A I N 4 3 9 0
R P { K ) = 1 • O + DEL T / ( 2 . 0*DEL X ) * < V ( J  .  K + 1 ) - V ( J . K - l ) )+G*< D E L T / 2 . ) * D S Q R T ( (  . M A I N 4 4 0 0  
1 2 5 * (  U { J . K ) +  U ( J , K + 1 ) +  U ( J - 1 , K ) +  U ( J - l , K + 1  ) ) ) * * 2  + < V ( J , K ) * * 2  ) ) / M A I N 4 4 1 0
2 ( 0 . 5 * < H ( J . K ) + H <  J - 1 , K ) + L P < J . K + 1 ) + L P ( J . K )  ) * ( 0 « 5 * ( C ( J , K + 1 ) + C ( J » K ) ) ) * M A I N 4 4 2 0  
3 * 2 )  M AI N 4 4 3 0
I = K * 2 —C 0 3  M A I N 4 4 4 0
GO TO 4 4  M A I N 4 4 5 0
C M A I N 4 4 6 0
C CONDI TI ONS ARE SET FOR SOUTH S I D E  GULF BOUNDARIES M A I N 4 4 7 0
C ADVEC TI  ON OF MOMENTUM I S  SET TO ZERO M A I N 4 4 8 0
C M A I N 4 4 9 0
4 3  R P < K ) = 1 . 0 + D E L T * (  G / 2 . >+ D S Q R T < ( . 2 5 * (  U ( J , K ) +  U ( J . K + i ) +  U ( J - 1 . K ) +  U I J M A I N 4 5 0 0  
1— 1 * K + 1 )  ) ) * * 2  + ( V ( J . K ) * * 2  ) ) / ( 0 . 5 * ( H ( J  . K ) + H ( J - l , K ) + L P ( J . K + 1 ) + L P { J M A I N 4 5 10
2 . 0 )  *(  0 . 5 * ( C <  J , K + 1 ) + C (  J . K )  ) ) * * 2 )  M A I N 4 5 2 0
DIAG(1)=RP(MINY) MAIN4530
GO TO 46 MAIN4540
44 DIAG( I )=RP(K ) MAIN4550
GO TO 46 MAIN4560
45 DIAG(1)=—RBC MAIN4570
46 CONTINUE MAIN4580




C SET UP LOWER DIAGONAL -SUB- MAIN4630
C
c
M A I N 4 6 4 0  
M A I N 4 6 5 0
C MODIFY SUB FOR ENTRANCE GRID P O I N T S  M A I N 4 6 6 0
C M A I N 4 6 7 0
















0 0  4 9  K=MI NY• NAX 
I = K * 2 - C 0 3  
S U 8 ( I  ) = - R D ( K )
4 9  CONTINUE 
I F ( J • E Q.  9 ) GO 
I F ( J . E Q . I 8 ) G 0  
I F ( J . E Q . 2 3 J G 0  
I F ( J • E Q • 2 7 )G0 
S U B ( 1 > = 0 . 0
1 5 0  CONTINUE
DO 5 0  K=MI NY1 . NAX 
I =K *  2 —C 0 2  
S U B ( I  ) = —RBC
5 0  CONTINUE
SET UP THE CONSTANT VECTOR - B -  
0 0  51  K=MINY,NAX
B B < K ) = V ( J . K ) + ( - D E L T / ( 2 . 0 * D E L X ) * ( V < J + 1 . K ) - V < J - l , K ) ) * < 0 . 2 5 * (  U 
1 U ( J , K + 1 ) +  U ( J — 1 • K ) + U( J - l . K + l  ) ) ) ) - G * D E L T / <  2 . * D E L X )  *{l_(  J . K  + 1 
2 K ) ) - G * D E L T / 2 . 0 * V ( J , K ) * D S O R T ( ( . 2 5 * (  U ( J . K > +  U ( J . K + 1 ) +  U ( J - l  .K
3 - 1 , K + l )  ) ) * * 2  + ( V ( J , K ) ) * * 2  > / ( 0 . 5 * ( H ( J , K ) + H ( J - l , K ) + L P ( J . K  + 1
4 » K ) )  * ( 0 . 5 * ( C ( J . K + 1 ) + C ( J , K ) ) ) * *  2 )  + D E L T * T W I N Y / ( R H O * ( 0 . 5 * ( H ( J
5 J - 1 . K  ) +LP < J . K + 1 ) + L P ( J , K )  ) ) )
1= K * 2 —C 0 3  
B ( I ) = BB ( K )
51  CONTINUE
SET THE BOUNDARY CO ND I T I ON S  I N  THE CONSTANT VECTOR
B< 1 )  = B B ( M I N Y ) —R P ( M I N Y ) *  V ( J . M I N Y )
MODIFY B FOR ENTRANCE GRID P O I N T
I F ( J . E Q .  9 ) B ( 1 ) = B B ( M I N Y ) + R B C * L P ( J . M I N Y )
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S U P ( M—2 ) = 0 • 0  
I F ( ( M - 3 ) . E Q . 0 ) G 0  TO 151  
SUB(M—2 ) = 0 . 0  
D 1 AG( M - 2 )  = 0 - 0  
S U P ( M - 3 ) = 0 . 0  
151  CONTINUE
C
C MATRIX I S  SET SOLVE CALLING TRID
C
M=NAXC
CALL T R I D ( S U B .  SUP* D I A G . B . M )
C
C PLACE SOLUTION INTO RESPECT IVE VECTORS
C
IF(J•EQ * 9) GO TO 154
IF ( J • EQ . 18 ) GO TO 154
IF(J.EQ.23) GO TO 154
IF(J.EQ.27) GO TO 154
L ( J.MINY ) = B( 1 )
GO TO 254
V< J . M I  NY ) =B( 1 )154
2 5 4  CONTINUE
L ( J . M I N Y 1 ) = B ( 2 )
DO 5 4  K = 4 • NA XC• 2  
I = K / 2 + M I  NY 
L{ J .  I ) = B< K )
5 4  CONTINUE
DO 5 5  K = 3  • NA XD » 2 
I = ( K+ MI NY 2 ) /  2 
V ( J . I  ) = B ( K )
5 5  CONTINUE 
CHECK= 0 . 0
C
C CHECK WATER LEVELS ( L )  I N THE BAY
C
DO 3 0 0  K = M IN• NAX I
M A I N 5 4 1 0  
M AI N 5 4 2 0  
M A I N 5 4 3 0  
M AI N 5 4 4 0  
M A I N 5 4 5 0  
M A I N 5 4 6 0  
M A I N 5 4 7 0  
M A I N5 4 8 0  
M A I N 5 4 9 0  
M A I N 5 5 0 0  
M A I N 5 5 10 
M A I N 5 5 2 0  
M A I N 5 5 3 0  
M AI N 5 5 4 0  
M A I N 5 5 5 0  
M A I N 5 5 6 0  
M A I N 5 5 7 0  
M A I N 5 5 8 0  
M A I N 5 5 9 0  
M A I N 5 6 0 0  
M A I N 5 6 1 0  
M A I N 5 6 2 0  
M A I N 5 6 3 0  
M A I N 5 6 4 0  
M A I N 5 6 5 0  
M A I N 5 6 6 0  
M A I N 5 6 7 0  
M A I N 5 6 8 0  
M A I N 5 6 9 0  
M AI N 5 7 0 0  
M A I N 5 7 1 0  
M A I N 5 7 2 0  
M A I N 5 7 3 0  
M A I N 5 7 4 0  
M A I N 5 7 5 0  
M A I N 5 7 6 0
D E ( J . K ) = H (  J , K ) + | _  ( J . K ) M A I N 5 7 7 0
I F ( D E ( J . K ) . L E . S E T D )  GO TO 3 0 1 M A I N 5 7 8 0
GO TO 3 0 0 M A I N 5 7 9 0
3 0 1 L L = 0 . 2 5 * ( L ( J - l . K ) + L ( J . K - 1 )+L< J + l . K ) + L ( J . K + 1 ) ) M A I N 5 8 0 0
D E ( J . K ) = H ( J . K ) +LL M A I N 5 8 1 0
I F ( D E C J . K ) . L E . S E T D )  GO TO 3 0 0 M A I N 5 8 2 0
L< J . K ) = L L M A I N 5 8 3 0
D E L L = L L / 3 . 0 M A I N 5 8 4 0
3 0 5 L ( J -  1 .  K ) =L ( J - 1 .  K ) —DELL M A I N 5 8 5 0
L ( J . K + 1 ) = L ( J . K + 1 ) —DELL M A I N 5 8 6 0
L ( J + l . K ) = L ( J + l . < ) - D E L L M A I N 5 8 7 0
I F ( J . E Q . M A X l ) L ( J - l . K ) = L < J - l . K ) - D E L L M A I N 5 8 8 0
3 0 0 CONTINUE M A I N 5 8 9 0
c M A I N 5 9 0 0
c LEVELS HAVE BEEN CHECKED TO SETD AND V E L O C I T I E S  SET TO ZERO M A I N 5 9 1 0
c WHILE CONSERVING WATER IN THE SYSTEM M A I N 5 9 2 0
c M A I N 5 9 3 0
5 8 CONTINUE M A I N 5 9 4 0
c M A I N 5 9 5 0
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * M A I N 5 9 6 0
c * * *  SECOND STE P  FOR HYDRODYNAMICS * * * M A I N 5 9 7 0
c * * *  HAS BEEN COMPLETED * * *  M A I N 5 9 8 0
c ♦ ♦ * * ♦ ♦ * ♦ ♦ ♦ ♦ * ♦ * ♦ * * * * * ♦ * ♦ ♦ * ♦ ♦ ♦ * * ♦ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * M A I N 5 9 9 0
c M A I N 6 0 0 0
c VALUES FOR THE V VELOCITY ARE STORED I N  V ( J . K ) M A I N 6 0 10
c VALUES FDR THE WATER HEI GHT ARE STORED IN L ( J . K ) M A I N 6 0 2 0
c M A I N 6 0 3 0
V ( 9 . 2 ) = V ( 9 . 3 ) M A1 N 6 0 4 0
V ( 1 8 . 2 ) = V ( 1 8 . 3 ) MA1N6050
V( 2 3 . 2 ) = V ( 2 3 . 3 ) M A I N 6 0 6 0
V ( 2 7 . 2 ) = V ( 2 7 . 3  ) M A I N 6 0 7 0
c M A I N 6 0 8 0
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * M A I N 6 0 9 0  
C * * * * * * * *  CALCULATE BOUNDARY CO ND I T I ON S  FOR OUTGOING T I D E  * * * * * * * * * * * * M A I N 6 1 0 0  
I F ( V (  9 . 3 J . L T . 0 . 0  ) T (  9 , 2 > = T <  9 . 2 > - V (  9 . 2 ) * ( T (  9 . 3 ) - T (  9 * 2 ) ) *  M A I N 6 1 I 0
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I F C I T H R . E Q • I T H I G H ) G O  TO 9 9 7  
GO TO 9 
CONTINUE
DO 9 9 8  J = MI N*  MAX 1 
DO 9 9 8  K=MINA,NAX1
W R I T E ! 7 , 9 1 7 ) J . K . U ! J , K > . V ! J , K ) . L ! J . K ) , L P ! J . K ) , T ! J . K ) , P ! J , K )
CALL EXIT 
F O R M A T ! 5 F 1 0 . 4 )
F O R M A T ! 1 H 0 . 5 X . ‘ D E P T H * . 4 X . * D T X * . 7 X , * D T Y • , 7 X , * D P X * , 7 X . * D P Y * ) 
F O R M A T ! 1 H 0 . I O X » • TIME OF LOW T I D E  = • , F I  0 . 4 . ' H O U R S * , 6 X , • RANGE OF 
1 T I D E  = • . F 1 0 . 4 , * F E E T * >
1 0 3  F O R M A T ! 1 H 0 , 1 0 X , • TIME OF HIGH TI DE = • . F 1 0 . 4 • ' H O U R S • * 5 X .  • RANGE 


















OF MAIN7 320 
MAIN7330
104 FORMAT!1H0.1 OX,•SEA 
1=*»F10.4»* PPTH*)
105 FORMAT!1H0.10X.•AIR
TEMPERATURE = • ,F10*4,*DEGS F',6X,*SEA SAL INITYMAIN7340
MAIN7350
TEMPERATURE=*.F10.4,*DEGS F*,7X,*WET BULB TEMPMAIN7360
I ERATURE = • , F 1 0 . 4 . * D E G S  F • • / / . 1 1 X.  • A I R  P R E S U R E s • , F I  0 * 4 . • M I L L I B A R S • ) MAI N7 3 7 0  
1 0 6  F O R M A T ! l H O . l O X . ' W I N D  SPEED = • , F 1 0 . 4 . 5 X , • WIND DI RECTI ON! WRTO
1) =*.F10*4,* DEGREES *)
107 FORMAT! 1H0.1 OX.•SUN RISES *.F10.4»* HOURS WRT TIME OF HIGH TIDE*)
108 FORMAT!20A4)
109 FORMAT! 1H1.14!/).1 OX.20A4.////)
110 FORMAT!5F10.4.3X.12.IX.12)
903 FORMAT! 1H0.I 5.4E20.7)
914 FORMAT! I X , / / / , I X . ‘GRID P O I N T •,5 X , •MAGNITUDE• , 8 X . •U
1 VELOCITY * , 7 X ,  ‘ WATER L E V E L • , 6 X . • TEMPERATURE * . 6 X . ' S A L I N I T Y * , / , 1 7 X , • M A I N 7 4 6 0  
2!F T / S E C )•, 9 X , •!F T / S E C ) * . 9 X , •( F T / S E C )••9 X , •I F E E T ) *,1I X , • ! DEGS.  F ) •,M A I N 7 4 7 0  









9 1 5  FORMAT! 1 H 1 . 4 0 ! • * ' ) • * T I M E = ' • F I  0 . 4 . * H R S . • , 4 X , 3 6 !  ' * * ) )
9 1 6  F O R M A T ! I X . • ! • • 1 3 . * . • • I 3 . • ) • . 6 I 5 X . E 1 2 . 4 ) )
9 1 7  F ORMAT!12.I X , 1 2 . 2 X • 6 E 1 2 . 4 )
9 1 8  F O R M A T ! 1 H 0 . 5 X . * C H E C K = * , F 8 . 2 )
9 1 9  F O R M A T ! 5 F 1 0 * 4 }
9 2 0  F O R M A T ! 5 ! 4 X , * 0 . 0 ' , 3 X ) )











SUBROUTINE I N I T I N I T 10
REAL* 8  DOLD.D I NI T 2 0
R E A L * 8  U . V . L . L P . T . P . H I N I T 3 0
C O M M O N / A l / C ( 4 0 . 2 0 ) , T ( 4 0 . 2 0 ) « P < 4 0 . 2 0 ) * DE < 4 0 . 2 0 ) I N I T 4 0
COMMON/ A2 / DT X( 4 0 , 2 0 ) , D T Y ( 4 0 , 2 0 ) , D P X ( 4 0 . 2 0 ) , D P Y ( 4 0 . 2 0 ) I N I T 5 0
C O M M O N / B 8 / T 1 . P 1 . T 2 . P 2 . T 3 . P 3 I N I T 6 0
COMMON/B9/  L ( 4 0 , 2 0 ) , L P ( 4 0 , 2 0 ) , H ( 4 0 , 2 0 ) , U ( 4 0 , 2 0 ) , V ( 4  0 . 2 0 ) • U M 0 V E ( 4 0 . I N I T 7 0
1 2 0 ) , VMOVE(4 0 , 2 0 ) I N I T 8 0
C 0 M M 0 N / C 6 /  DDL0 ( 4 0 , 2 0 ) I N I T 9 0
C0MM0N/ C7 / D<  4 0 . 2 0 ) I N I T 100
0 0  7 J = 1 . 4 0 I N I T n o
0 0  7 K = 1 . 2 0 I N I T 1 2 0
D T X ( J . K  ) = 1 9 0 . 0 I NI T 1 3 0
D T Y ( J . K ) = 1 9 0 . 0 I N I T 1 4 0
D P X ( J , K ) = 2 . 0 I N I T 1 5 0
D P Y ( J . K  ) = 2 • 0 I N I T 1 6 0
U ( J . K  ) = 0 . 0 I N I T 1 7 0
V{ J . K  ) =  0 . 0 I N I T 1 8 0
L P ( J . K ) = 0 . 0 I N I T 1 9 0
L ( J . K  ) = 0 . 0 I N I T 2 0 0
D ( J . K  ) = 0 . 0 I N I T 2 1 0
D O L O ( J . K ) = 0 . 0 1 I N I T 2 2 0
H ( J . K  ) = 2 . 0 I N I T 2 3 0
T ( J , K ) = 6 0 . 0 I N I T 2 4 0
D E ( J . K ) = 0 . 0 I N I T 2 5 0
P ( J . K  > = 1 0 . 0 I N I T 2 6 0
C ( J . K  ) = 1 . 0 I N I T 2 7 0
7 CONTINUE I N I T 2 8 0
T 1 = 6 0 . 0 I N I T 2 9 0
T 2 = 6 0 . 0 I N I T 3 0 0
T 3 = 6 0 . 0 I N I T 3 1 0
P l = 1 0 . 0 I N I T 3 2 0
P 2 = l 0 . 0 I N I T 3 3 0
P 3 = l 0 . 0 I N I T 3 4 0
RETURN I N I T 3 5 0
END I N I T 3 6 0
SUBROUTINE JOHN ( Z . D X . D Y ) JOHN 10
INTEGER E l . E 2 . E 3 . E 4 JOHN 2 0
DI MENSION DX<4 0 . 2 0 ) . D Y ( 4 0 . 2 0 ) JOHN 3 0
DIMENSION Z ( 4 0 • 2 0 )  » D ( 4 0 . 2 0 ) . Z P ( 4 0 * 2 0 > • S S ( 4 0 * 2 0 ) JOHN 4 0
COMMON/ A3/ TI ME• TMAX• T P R I N T .  T I ME R • THR, DE LT JOHN 5 0
COMMON/ A4/ DELX«SETD*CMANN• SETC JOHN 6 0
C0MM0N/ B3/ MIN*MAX* NAX JOHN 7 0
COMMON/B4/MINA *MAX1 * MAX 1 1 • MAXA JOHN 8 0
COMMON/8 5 / MINY• MINYA* NAX1 * NAX11 «NA XA JOHN 9 0
C 0 M M 0 N / B7 / K0 D E JOHN 1 0 0
C 0 M M 0 N / B 9 /  L < 4 0 . 2 0 ) , L P < 4 0 , 2 0 ) , H ( 4 0 • 2 0 ) * U ( 4 0 * 2 0 ) • V( 4 0 , 2 0 ) • UMOVEI4 0 • JOHN 1 1 0
1 2 0 ) , V M 0 V E ( 4 0 , 2 0 ) JOHN 1 2 0
C 0 M M 0 N / C 4 / E 1 • E2*  E3 *  E4 JOHN 1 3 0
COMMON/C6/  DO L D I 4 0  * 2 0 ) JOHN 1 4 0
C 0 M M 0 N/ C 7 / D JOHN 1 5 0
RE AL4 8  DOLD.D JOHN 1 6 0
R E A L 4 8  L , L P , H , D . U * V , Z . Z P JOHN 1 7 0
DO 1 0  J=MI N*MAXI JOHN 1 8 0
DO 10 K=MIN,NAX1 JOHN 190
D( J . K  > = ( . 2 5 * ( H <  J -  1 , K - 1 ) + H ( J . K - l ) + H <  J - l  , K ) + H <  J . K  ) ) + L ( J . K )  ) JOHN 2 0 0
D E P = D ( J . K ) / 3 . 2 8 1 JOHN 2 1 0
T E L = Z ( J . K ) JOHN 2 2 0
I F I K O D E . E Q . 1 ) CALL TEMP( T H R , D T W . T E L . D E P ) JOHN 2 3 0
I F I K O D E . E Q . O ) D T W = 0 . 0 JOHN 2 4 0
S S I J . K ) = D T W JOHN 2 5 0
10  CONTINUE JOHN 2 6 0
I F  ( V{ E l . 2 ) . G T . 0 . 0 } Z ( E 1 . 3 ) = Z  < E 1 . 2 ) JOHN 2 7 0
I F ( V ( E 2 . 2 ) . G T . 0 . 0 ) Z ( E 2 , 3 ) = Z ( E 2 , 2 ) JOHN 2 8 0
I F { Y ( E 3 , 2 ) . G T . 0 . 0 ) Z ( E 3 , 3 ) = Z ( E 3 , 2 ) JOHN 2 9 0
I F ( V { £ 4 , 2 ) . G T . 0 . 0 ) Z ( E 4 , 3 ) = Z ( E 4 , 2 ) JOHN 3 0 0
DO 11 J = MI N. MA XI JOHN 3 1 0
DO 11 K=MIN.NAX1 JOHN 3 2 0
D U P = ( D ( J + I . K ) * U (  J + l , K ) * Z < J + 1 , K ) - D <  J . K ) * U ( J , K ) * Z ( J • K) ) / ( 1 • *DEJOHN 3 3 0
1LX ) JOHN 3 4 0
D V P = C D ( J . K + 1 ) * V ( J . K + 1 ) * Z ( J . K + 1 ) - D < J . K ) * V ( J . K ) * Z ( J . K ) ) / ( l . * D E J O H N 3 5 0
1LX) JOHN 3 6 0
273
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S U B R J U T I N E  T E M P ( T H R . D T W . T E L . D E P )
REAL N
COMMON/A5/TWB» T A I R . T S E A . N *  CP* EPS*  S I G *  QRAD 
COMMON/ A6/ PAIR 
COMMON/A8/W.WANG 
COMMON/B2/C0RR
--------------  CP=HEAT C A P A C I T Y . K C A L / K G * C
--------------RH O = D E N S I TY.............................................   KG / M * * 3
--------------D=OEPTH • • • .   ............................... ..
---------- —  TEL= T E M P E R A T U R E - W A T E R . . . . . . . . . C
--------------  T A I R = A I R  T E M P . . . • • • • • . . . . . . . . . C
-------------- TWB=WET BULB TEMP. . . . . . . . . . . . . C
PA I R—A J R PRESSURE . . . . . . . . . . . . .  MB
--------------  QRAD=NOON SOLAR R A D I A T I O N .............. K C A L / M* * 2 * S E C
-------------- E P S = E M M I S S I V I T Y . . . . . . . • • ................... DI MENS I ONLE SS
--------------S I G= S T E F A N - 8 0 L Z MA N  CONSTANT. . . K C A L / M * * 2 * S E O
--------------  W=WINDSPEED• • • • • • .............. . . . • • • • • M/SEC
-------------- N=EVAPQRATI  ON C O E F F I C I E N T ................ 1 /MB
--------------DELT = T I ME S T E P ........................................   SECS
--------------  HV=LATENT HEAT OV  .............. . . . K C A L / K G
--------------  E=RATE OF E V A P O R A T I O N . . ................ . M / S E C
--------------  ES=PRESSUREOF SAT VAP AT T O L . . M B
--------------  EA=PRESSURE OF WVAP AT T A I R . . . M B
--------------QREF=REF_ ECTED R A D I A T I O N . .................K C A L / M * * 2 * S E C
-----------  B=BOWEN R A T I O .......................   . D  I MENTI ONLESS
--------------K=INSTANT ANEOUS RADIAT I O N . • • . . K C A L / M * * 2 * S E C
T O L = ( T E L - 3 2 . 0 ) / l . 8  
RHO=1 0 0 0 . 0  
CHANGE WIND DI MENSION 
W I = w * ( 1 . 0 / 3 . 2 8 )
FROM F E E T / S E C .  TO M E T E R S / S E C .
1 CONTINUE 
E S = 2 . 1 7 1 8 E  
E A = 2 . 1 7 1 9 E  
I E —7 * ( T W B ) )













TEMP 1 3 0
TEMP 140
TEMP 1 5 0
4 TEMP 1 6 0
TEMP 170
TEMP 1 8 0
TEMP 1 9 0
TEMP 20 0
TEMP 2 1 0
TEMP 2 2 0
TEMP 2 3 0
TEMP 2 4 0
TEMP 2 5 0
TEMP 2 6 0
TEMP 2 7 0
TEMP 2 8 0
TEMP 2 9 0
TEMP 3 0 0
TEMP 3 1 0
TEMP 3 2 0
TEMP 3 3 0
TEMP 3 4 0
; ( 6 . 6 E—4 + 7 . 5 9 T E M P 3 5 0
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SUBROUTINE TRI O ( S U B * S U P . O I A G • B • M) TRI D 10
c***» T R I D  — TRIDIAGONAL EQUATION SOLVER OBTAINED FROM CONTE P —1 8 4  * * *  TR I D 2 0
C-------------ARRANGEMENTS ARE MADE FOR KNOWN ZERO V E L O C I T I E S I N S I D E THE MATRIXTRI D 3 0
c-------- —D I V I S I O N  BY ZERO I S  AVOIDED TRI D 4 0
C SUBROUTINE SOLVES AX = B FOR THE VECTOR X (WHERE A I S TR I DI AGONAL TRI D 5 0
c M =  ORDER OF SYSTEM T R I D 6 0
c SUP = SUPER DIAGONAL OF A T R I D 7 0
c SUB =  SUB DIAGONAL OF A TRI D 8 0
c DIAG = MAIN DIAGONAL OF A T R I D 9 0
c 8  = CONSTANT VECTOR T R I D 1 0 0
c SUP AND DIAG ARE DESTROYED T R I D 1 1 0
c SOLUTI ON VECTOR I S  RETURNED IN B TR I D 120
DI MENSION S U B( 8 0  J • S U P < 8 0 > * D I A G < 8 0 ) • B(  6 0 ) TR I D 1 3 0
RE A L * 8  S U B , S U P . D I A G , B T R I D 1 4 0
c TR I D 1 5 0
c TR I D 160
N as M T R I D 1 7 0
NN = N - 1 TR I D 1 8 0
I F  ( DI  AG ( 1  ) •  EQ •  0 •  0 ) GO TO 5 TR I D 1 9 0
S U P ( l )  =  S U P < l ) / D I A G < 1 ) TR I D 2 0 0
B(  I ) = B( 1 } / D I  AG( 1  ) T R I D 2 1 0
GO TO 6 T R I D 2 2 0
5 S U P ( 1 ) = 0 , 0 T R I D 2 3 0
B(  1 ) = 0 . 0 TR I D 2 4 0
6 CONTINUE T R I D 2 5 0
DO 10 1 = 2 , N T R I D 2 6 0
I I  = I - 1 TR I D 2 7 0
C----------—DECOMPOSE A TO FORM A = LU WHERE L I S  LOWER TRIANGULAR • TR I D 2 8 0
C AND U I S  UPPER TRIANGULAR — — -------- - T R I D 2 9 0
D I A G ( I )  = D I A G ( I )  -  S U P ( I I ) * S U B ( I I ) T R I D 3 0 0
I F ( D I A G ( I ) . E Q . 0 . 0 ) GO TO 9 T R I D 3 1 0
I F ( I  . E Q »  N) GO TO 8 TRI D 3 2 0
SUP< I ) =  S U P ( I )  /  D I A G ( I ) TR I D 3 3 0
C-------------COMPUTE Z WHERE L Z  = B T R I D 3 4 0
8 B ( I ) = ( B ( I ) -  S U B ( I I )  * B < I I > ) / D I A G ( I ) T R I D 3 5 0
GO TO 10 T R I D 3 6 0
9  S U P ( I ) = 0 . 0  T R I O  3 7 0
B ( I ) = 0 . 0  T R I O  3 8 0
10 CONTINUE T R I O  3 9 0
 ,— COMPUTE X BY BACK S U B S T I T U T I O N  WHERE UX *  Z T R I D  4 0 0
DO 2 0  K = I , N N  T R I D  * 1 0
I — N — K T R I D  4 2 0
2 0  B ( I )  =  B ( I >  - S U P ( I )  * B ( I + 1 )  T R I O  4 3 0
RETURN T R I D  4 4 0
END T R I D  4 5 0
SUBROUTINE S A L T ! T . P . T H R I >
C O M M O N / A3 / T I ME . TM A X . TP R I NT  * TI MER*THR* DELT
CO MMO N/ A5 / TWB . TA I R , T S E A . N . C P . E P S . S I G . Q R A D
COMMON/ A7/ SSEA
I F C T H R I . L T . O . O ) T H R I = T H R
T D I = T H R 1 + 2 . 0
TD2=T D I + 1 • 5
TD=THR—T01
I F ( T H R . L E . T D 1 ) G 0  TO 2 0  
I F ( T H R . L E e T D 2 ) G O  TO 5  
I F ( T H R . G T « T D 2 ) GO TO 1 5  
5  CONTINUE
T = T + ( T D / I . 5 ) * { T S E A - T )
P = P + ( T D / I • 5 ) * ( SS E A—P )
GO TO 2 0  
15  CONTINUE 
T=TSEA 
P = S S E A  












SALT 1 0 0
SALT 1 1 0
SALT 1 2 0
SALT 1 3 0
SALT 1 4 0
s a l t 1 5 0
SALT 1 6 0
SALT 1 7 0
SALT 1 8 0
SALT 1 9 0
SALT 2 0 0
SALT 2 1 0
SUBROUTINE B P AS S ( T H R*  DTLBP) BPAS 10
C 0 MM0 N/ C5 / TL0 W* THI GH* R ANGEH* RANGEL * TI MEI N BPAS 2 0
I F < T H R . G T . T L O W ) G O  TO 5 0 BPAS 3 0
T ANG=( T HR— TIME IN ) BPAS 4 0
OIV*C TLOW—T I M E I N 1 BPAS 5 0
ANG1 = CT A N G / D I V ) * 3 * 1 4 1 5 9 2 BPAS 6 0
DTLBP=RANGEL*{C C O S ( A N G 1 ) + 1 • 0 ) / 2 . 0 l - R ANG E L BPAS 7 0
GO TO 1 0 0 BPAS 8 0
TANG= ( THR - T LOW) BPAS 9 0
D I V = ( T H I G H - T L O t f ) BPAS 1 0 0
ANG1 = ( TANG/ D I V > » 3 . 1 4 1 5 9 2 BPAS 1 1 0
DTLBP= - ( RANGEH*{ ( C O S ( ANG1 ) + 1 . 0 ) / 2 *  0 ) —RANGEH) - RANGEL BPAS 1 2 0
RETURN BPAS 130
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SUBROUTINE CPASS(THR.OTLCP) CPAS 10
C0MM0N/C5/TL0W.THIGHtRANGEHtRANGEL •TIMEIN CPAS 20
IF<THR.GE.(TLOW+1.358))GO TO 100 CPAS 30
IF(THR.GE.<TIMEIN-H.358) >G0 TO 50 CPAS 40
DIVsM TLOW-TIMEIN) CPAS 50
TANG=(THR-TIMEIN-1.358) CPAS 60
ANG3=<TANG/DIV)*3.141592 CPAS 70
DTLCP= (RANGEL*((C0S<ANG3)+1.0>/2. 0)-RANGEL) CPAS 80
GO TO 150 CPAS 90
TANG=(THR—TIME IN-1•358) CPAS 100
DIV=(TLOW-TIMEIN) CPAS 110
ANG3= CTANG/DIV)*3.141592 CPAS 120
DTLCP=RANGEL*( (COS(ANG3)-*-1 «0)/2.0) -RANGEL CPAS 130
GO TO 150 CPAS 140
DIV=(THIGH-TLOW) CPAS 150
T ANG=(THR-TLOW-1•358) CPAS 160
ANG3=(T ANG/D1V)*3.141592 CPAS 170
DTLCP=-(RANGEH*((COS(ANG3) +1.0 ) / 2 . 0)-RA NGEH)-RANGEL CPAS 180
RETURN CPAS 190
END CPAS 200
BLOCK; DATA DATA 10
INTEGER E 1 . E 2 . E 3 . E 4 DATA 2 0
REAL N DATA 3 0
C O M M O N / A 3 / T I M E . T M A X . T P R I N T . T I M E R * T H R * D E L T DATA 4 0
COMMON/ A4/ DELX• SETD. CMANN.  SETC DATA 5 0
C 0 M M 0 N / A 5 / T W B . T A I R . T S E A . N . C P . E P S . S I G . Q R A D DATA 6 0
COMMON/ A6/ PAI R DATA 7 0
COMMON/ A7/ SSEA DATA 8 0
COMMON/A8/W.WANG DATA 9 0
C O M M O N / A9 / RH 0 A I R . R H O . G DATA 1 0 0
COMMON/ BI / T HRI  I* T H R I 2 . T H R I 3 DATA 1 1 0
COMMON/ B2/ C0RR DATA 1 2 0
COMMON/B3/MIN.MAX .  NAX DATA 1 3 0
COMMON/C1 /  FWR.PFW DATA 1 4 0
C 0 M M 0 N / C 3 / R R . T R B . T R E DATA 1 5 0
C O M M O N / C 4 / E l « E 2 . E 3 . E 4 DATA 1 6 0
C 0 M M Q N / C 5 / T L 0 W . T H I G H . R A N G E H . R A N G E L * T I M E I N DATA 1 7 0
OATA SETC / 0 . 5 / DATA 1 8 0
DATA CMANN/ 0*0 2 6 / DATA 1 9 0
DATA M I N . M A X . N A X / 3 .  3 7 , 1 8 / DATA 2 0 0
DATA R H OA I R . W, WA NG / 0 * 0 8 . 0 * 0 * 0 . 0 / DATA 2 1 0
DATA R H O . T S E A . S S E A . C P / 6 2 . 4 , 6 0 . 0 * 2 8 . 0 . 1 . 0 / DATA 2 2 0
DATA TMAX, TPRI  N T . D E L T • T I M E / 2 4 . 0 * 6 0 . 0 , 1 2 0 * 0 * 0 . 0 / DATA 2 3 0
DATA C O R R / O . O / DATA 2 4 0
DATA T H R 1 1 » THR 12 • THRI  3 / —1 o 0 * - 1 • 0 . - 1 . 0 / DATA 2 5 0
DATA G / 3 2 .  2 / DATA 2 6 0
DATA S E T D . D E L X / 0 . 1 . 3 9 0 0 . 0 / DATA 2 7 0
DATA T W B . T A I R . P A I R / 2 0 . 1 . 2 0 . 0 . 1 0 0 0 . 0 / DATA 2 8 0
DATA N . E P S . S I G * Q R A D / 5 *  OE— 0 5 . 0 * 9 7 . 1 * 3 6 . 0 . 3 3 3 3 4 / DATA 2 9 0
DATA T I M E R / 0 . 0 / DATA 3 0 0
DATA T L O W . T H I G H . R A N G E H . R A N G E L / 1 2 . 0 . 2 4 . 0 . 1 . 1 . 1 * 1 / DATA 3 1 0
DATA E l . E 2 . E 3 . E 4 / 9 . 1 8 . 2 3 . 2 7 / DATA 3 2 0
DATA P F W / 8 . 0 / DATA 3 3 0
DATA F W R / 1 0 0 0 . 0 / DATA 3 4 0
DATA R R . T R B . T R E / 0 . 0 . 0 . 0 . 0 * 0 / DATA 3 5 0




SUBROUTINE RAIN RAIN 10
R E A L * 8  L . L P . H . U . V RAI N 2 0
C 0 M M 0 N / A 3 / T I M E . T M A X . T P R I N T * T I M E R , T H R , D E L T RAIN 3 0
C 0 MM0 N/ B3 / MI N . MAX . NAX RAIN 4 0
COMMON/8 9 /  L ( 4 0 , 2 0 ) « L P ( 4 0 . 2 0 ) , H < 4 0 . 2 0 ) . U I 4 0 . 2 0 ) • V I 4 0 . 2 0 ) . U M O V E I 4 0 . R A I N 5 0
2 0  ) . VMOVEI4 0 . 2 0 ) RAI N 6 0
C 0 M M 0 N / C 3 / R R . T R B . T R E RAIN 7 0
MAXI=MAX+I RAIN 3 0
NAX1=NAX+1 RAIN 9 0
I F ( T H R . L T . T R B ) 6 0  TO 2 0 RAI N 100
I F ( THR• G E . T R E ) G 0  TO 2 0 RAIN 11 0
D E L L = R R * D E L T / < 3 6 0 0 . 0 4 2 . 0 ) RAIN 1 2 0
0 0  10  J = M I N . M A X 1 RAIN 1 3 0
0 0  10 K= MI N, N AX1 RAI N 1 4 0
L ( J . K  ) = L ( J . K ) + D E L L RAIN 1 5 0
CONTINUE RAIN 1 6 0
RETURN RAIN 1 7 0
END RAI N 1 8 0
rooo
SUBROUTINE J I MMY( THR,DUMMY*JIM)
DI MENSION BUFFER ( 3 0 0 0 )
REAL* 8  L ,  L P , H » U , V
COMMON/8 9 /  L ( 4 0 * 2 0 ) , L P ( 4 0 , 2 0 ) , H ( 4 0 , 2 0 ) , U (  
1 2 0 ) , V M O V E ( 4 0 , 2 0 )
CALL PLOTS ( B U F F E R , 3 0 0 0 )
VO—0 • 0 0 5
V 1 = 0 ,  I
V 2 = 0 . 5
NX=3
NY=2
N Y S = 1 9
N X S = 3 8
NMAX=NYS
UMA X= 0 . 0
V MAX=0• 0
DO 9 0  J = N Y , N Y S
DO 9 0  I=NX * NXS
1 0 0  FORMAT ( 1 X . 2 I 2 . 2 E 2 0 . 8 )
UAB-DABS(  U( I ,  J ) )
VAB=DABS( V( I , J ) )
I F  (UAB.GT.UMAX)UMAX=UAB 
I F  ( V A B . G T • VMAX) VMAX=VAB 
9 0  CONTINUE
NXD=NXS—NX+1 
NYD=NYS-NY+1




11 SCALE= * • 5 / ( NXD+* 3  )
RATO=NYD/NXD
I F  ( R A T O . G T , 1 . 8 )  S C A L E = 2 . 5 / ( N Y D + . 3 )
WRITE ( 6 , 1 0 1 )  NX• NY,NMAX,AMAX,SCALE
1 0 1  FORMAT ( 3 I 5 . 2 E 2 0 . 8 )
J I M = J I M + 1
JIMM 10 
J IMM 2 0  
J IMM 3 0
, 2 0 ) • V ( 4 0 . 2 0 ) , U M 0 V E ( 4 0 , J I M M  4 0
J IMM SO 
JIMM 6 0  
J IMM 7 0  
J IMM 8 0  
J IMM 9 0  
JIMM 100  
JIMM 1 1 0  
J IMM 1 2 0  
JIMM 1 3 0  
J IMM 140  
J IMM 1 5 0  
J IMM 166 
J IMM 1 7 0  
JIMM 1 8 0  
J IMM 1 9 0  
J IMM 2 0 0  
JIMM 2 1 0  
J IMM 2 2 0  
J IMM 2 3 0  
JIMM 2 4 0  
J IMM 2 5 0  
J IMM 2 6 0  
J IMM 2 7 0  
J IMM 2 8 0  
J IMM 2 9 0  
J IMM 3 0 0  
JIMM 3 1 0  
J IMM 3 2 0  
JIMM 3 3 0  
JIMM 3 4 0  
J IMM 3 5 0  
J IMM 3 6 0
N300
Y S I R = 0 . 0 J  I MM 3 7 0
I F ( J I M . N E . 1 >G0 TO 3 9 J  IMM 3 8 0
X S I R = 0 . 0 JIMM 3 9 0
GO TO 4 1 J  IMM 4 0 0
3 9 X S I R = 1 6 . 0 JIMM 4 1 0
4 1 CONTINUE J  IMM 4 2 0
XSAR=XSI R J  IMM 4 3 0
YSAR=YSI R JIMM 4 4 0
CALL NUMBER CXSAR• YSAR. • 2 1 . THR. 0 . . 2 ) JIMM 4 5 0
CALL PLOT ( X S A R . Y S A R , - 3 ) J  IMM 4 6 0
CALL L I N E  ( S C A L E . N X . N Y . N X S . N Y S ) JIMM 4 7 0
DO 2 0  J = NY , N Y S J  IMM 4 8 0
0 0  2 0  I=NX « NXS JIMM 4 9 0
I F ( D A B S ( U (  I . J )  ) . L T . V O ) G O  TO 5 0 J  IMM 5 0 0
I F ( O A B S ( U ( I . J ) ) • G T • VO) U M O V E ( I « J ) = U ( I • J ) / D A B S ( U ( I . J ) ) * S C A L E * 0 . 3 JIMM 5 1 0
I F ( D A B S ( U ( I . J ) ) * G T * V 1 ) U M 0 V E ( I . J ) = U ( I . J } / D A B S ( U ( I , J ) ) * S C A L E * 0 . 6 J  IMM 5 2 0
I F ( D A B S ( U ( I . J ) ) • GT• V2) UMOVE( I • J ) = U ( I . J ) / D A B S ( U ( I . J ) ) 4 S C A L E * 1 . 0 JIMM 5 3 0
GO TO 5 1 JIMM 5 4 0
5 0 UMOVE( I . J ) = 0 . 0 JIMM 5 5 0
51 I F ( DABS( V(  I . J )  ) * L T * V 0 ) G O  TO 5 2 J  IMM 5 6 0
I F ( D A B S ( V( I . J ) ) • G T • VO) VMOVE( I . J ) = V ( I . J ) / D A B S ( V( I , J )  ) * S C A L E * 0 . 3 J  IMM 5 7 0
I F ( DABS( V ( I . J ) ) • G T . V I ) V M O V E ( I » J ) = V ( I , J ) / D A B S ( V ( I . J ) ) * S C A L E * 0 . 6 JIMM 5 8 0
I F ( D A B S ( V ( I . J ) ) . G T . V 2 ) V M O V E ( I • J ) = V ( I . J ) / D A B S ( V ( I , J ) ) * S C A L E * 1 . 0 J  IMM 5 9 0
GO TO 5 3 J  IMM 6 0 0
5 2 V M O V E ( I . J ) = 0 • 0 JIMM 6 1 0
5 3 CONTINUE JIMM 6 2 0
I F ( U M O V E « I . J ) . N E . O . ) G O  TO 1 9 J  IMM 6 3 0
I F ( V M O V E ( I , J ) . N E . O . ) G 0  TO 2 J  IMM 6 4 0
GO TO 2 0 J  IMM 6 5 0
2 T H A = 9 0 * - ( V M Q V E (  I • J ) / AB S ( V MO V E ( I . J ) ) * 9 0 . ) J  IMM 6 6 0
GO TO 4 J IMM 6 7 0
1 9 CALL A N G L E ! U M O V E . V M O V E . I . J . T H A ) JIMM 6 8 0
4 CONTINUE JIMM 6 9 0
I F ( U M O V E ( I . J ) *  GE.VMOVE( I . J ) ) A H I = U M O V E ( I . J ) * 0 . 4 JIMM 7 0 0
I F ( V M O V E ( I . J ) * G T . U M O V E ( I . J } ) A H I = V M O V E ( I , J ) * 0 . 4 J IMM 7 1 0
X B E G I N = ( 2 • * I —1 . 0 ) * S C A L E JIMM 7 2 0
N3
00
Y B E G I N = ( 2 , * J —1 , 0 ) * S C A L E  J IMM 7 3 0
XEND= XBEGI N+ UMOVE( I • J ) J IMM 7 4 0
YEND= YBEGI N+ VMOVE( I • J ) J IMM 7 5 0
CALL PLOT ( X B E G I N , Y B E G I N * 3 )  J IMM 7 6 0
CALL PLOT { X E N D , Y E N D . 2 )  J IMM 7 7 0
CALL SYMBOL ( X E N D , Y E M D . A H I , 6 . THA, - I ) J IMM 7 8 0
2 0  CONTINUE JIMM 7 9 0
YSAR=YSI R JIMM 8 0 0
XSAR=XSI R JIMM 8 1 0
CALL PLOT { X S A R , Y S A R , 3 )  J IMM 8 2 0
W R I T E ( 6 , 1 0 2 )  J IMM 8 3 0
1 0 2  F O R M A T ! l H 0 , / » 2 0 ( • * » > , 4 X , » P  L O T * , 4 X , 2 0 { *  * • ) >  J IMM 8 4 0
I F  { D U M M Y . L T . l . )  GO TO 9 9  JIMM 8 5 0
CALL PLOT ( X S A R , Y S A R , 9 9 9 )  J IMM 8 6 0
9 9  RETURN J IMM 8 7 0
END J IMM 8 8 0
287
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4 7 -0.5865D—01 0.1505D+00 0.85000-01
4 8 —0.5188D— 01 0.16490+00 0.74330-01
4 9 -0.42810-01 0.1702D+00 0.61600-01
4 10 -0.3292D— 01 0.16550+00 0.48050-01
4 1 1 -0.27110-01 0.1548D+00 0.35200-01
4 12 —0.2345D—01 0.14010+00 0.23910-01
4 13 —0•2096D—01 0. 12270+00 0.14610-01
4 14 -0. 1936D— 01 0.1035D+00 0.7426D— 02









































































































4 16 -0.18000-01 0.62300-01 — 0.1063D— 02
4 17 -0.17930-01 0.41280-01 — 0.2967D— 02
4 18 -0. 18130-01 0.20410-01 -0.38270-02
4 19 -0. 18600-01 0.0 -0.40610-02
5 2 0.0 0.0 0.0
5 3 -Oo 1739D+00 0.0 0.10410+00
5 4 -0. 17210+00 0.3933D-01 0.10410+00
5 5 -0. 1573D + 00 0.79130-01 0.10160+00
5 6 -0.13820+00 0.11320+00 0.9655D—01
5 7 -0.12260+00 0.1399D+00 0.88680-01
5 8 -0.10980+00 0.1606D+00 0.78010-01
5 9 -0.90050-0 I 0.17070+00 0.6485D—01
5 10 —0.6600D—01 0.16630+00 0.5057D—01
5 1 1 -0.54040-01 0.15560+00 0.372ID— 01
5 12 -0.46 760-01 0.14080+00 0.2553D— 01
5 13 -0.41740-01 0.1233D+00 0.15910-01
5 14 -0.38570-01 0.1040D+00 0.8480D— 02
5 15 —0 • 3677D— 01 0.83640-01 0.3127D— 02
5 16 -0.35960-01 0.6276D-01 — 0.4076D— 03
5 17 -0.35850-01 0.4 175D-01 -0.24820-02
5 18 -0.36200-01 0.20840-01 —0.3498D— 02
5 19 -0.3676D-01 0.0 -0.38560-02
6 2 0.0 0.0 0. 0
6 3 -0.25700+00 0.0 0. 11690+00
6 4 -0.25010+00 0.42990-01 0.11690+00
6 S -0.22430+00 0.74520-01 0.11300+00
6 6 -0. 19940+00 0 .9989D-01 0.1064D+00
6 7 -0.1831D+00 0.12420+00 0.9777D—01
6 8 -0. 1763D+00 0.15470+00 0•8671D—01
6 9 -0.1472D+00 0.17560+00 0.72300-01
6 10 -0.96870-01 0.16950+00 0.5596D— 01
6 1 1 -0.79700-01 0.15780+00 0.4141D— 01
6 12 —0.6956D—01 0.1428D+00 0.28900-01
6 13 -0.62030-01 0.12490+00 0.1863D-01
6 14 -0.57380-01 0.1053D+00 0. 1 068D-01

























0. 11570 +00 















































0.1 1450+ 02 
0.1136D+02 
0.11260+02 
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8 16 -0 8732D— 01 0.66770-01 0*69570-02
8 17 -0 8729D—01 0•4453D—01 0.3670D-02
8 18 -0 87750-01 0.2227D-01 0*17370-02
8 19 -0 8833D— 01 0*0 0*85400-03
9 2 0 0 0*11300+01 0*0
9 3 0 10400+01 0*11300+01 0*57970+00
9 4 0 51950+00 0.67050+00 0*35900+00
9 5 -0 11770+00 0.3060D+00 0*20160+00
9 6 -0 19120+00 0*30000+00 0*1799D+00
9 7 -0 16040+00 0.21720+00 0*15220+00
9 8 -0 16170+00 0.2233D+00 0. 13620+00
9 9 -0 1172D+00 0*23690+00 0*1157D+00
9 10 -0 10190+00 0.18830+00 0.8760D— 01
9 11 -0 13640+00 0*1705D+00 0 * 6876D— 01
9 12 -0 1418D+00 0*16290+00 0*5216D—01
9 13 -0 11280+00 0*14000+00 0.3714D-01
9 14 -0 1057D+00 0.11620+00 0.2589D-01
9 15 -0 10310+00 0.9257D-01 0.1766D-01
9 16 -0 1025D+00 0.6925D-01 0.11880-01
9 17 -0 10280+00 0.46110-01 0* 8037D— 02
9 18 -0 10340+00 0*23040-01 0* 5724D— 02
9 19 -0 1040D+00 0.0 0*46440-02
10 2 0 0 0*0 0.0
10 3 ' 0 55390+00 0*0 0*2714D+00
10 4 0 2939D+00 0*44280+00 0.28200+00
10 5 -0 10510+00 0*29880+00 0.21930+00
10 6 -0 1647D+00 0.28930+00 0.19640+00
10 7 -0 18150+00 0*2152D+00 0.16470+00
10 8 -0 1869D+00 0.22450+00 0*14840+00
10 9 -0 1477D+00 0*24800+00 0*12650+00
10 10 -0 11750+00 0*20790+00 0* 9809D — 01
10 11 -0 10580+00 0. 1958D+00 0*82510-01
10 12 -0 10150+00 0*19190+00 0.6707D-01
10 13 -0 10930+00 0*1520D+ 00 0.4740D—01
10 14 -0 1140D+00 0*12290+00 0.34280-01













































































































10 16 -0 11600+00 0.7219D— 01 0. 18300-01
10 17 -0 1170D+00 0.47950-01 0. 1386D-01
10 18 -0 11800+00 0.23930-01 0.11140-01
10 19 -0 11880+00 0.0 0.98620— 02
11 2 0 0 0.0 0.0
11 3 0 15850+00 0.0 0.2588D+00
11 4 0 3783D-01 0.2944D+00 0.2588D+00
11 5 -0 1140D+00 0.22080+00 0.23020+00
11 6 -0 13910+00 0.2608D+00 0.2147D+00
11 7 -0 24330+00 0.2111D+00 0.18140+00
11 8 -0 16080+00 0.22950+00 0.1660D+ 00
11 9 -0 1341D+00 0.26990+00 0.14470+00
11 10 -0 1688D+00 0.21 100+00 0.1083D+00
11 11 -0 1529D+00 0.1797D+00 0.89280-01
11 12 -0 1187D+00 0.17990+00 0.751ID—01
11 13 -0 1207D+00 0.15490+00 0.57660-01
11 14 -0 1237D+00 0.12740+00 0.4389D— 01
11 15 -0 12620+00 0.1008D+00 0.33610-01
11 16 -0 1283D+00 0.75000-01 0.26240-01
11 17 -0 13010+00 0.4977D— 01 0.21210-01
11 18 -0 13150+00 0.24830-01 0. 18100-01
11 19 -0 1325D+00 0.0 0.16610-01
12 2 0 0 0.0 0.0
12 3 -0 14470+00 0.0 0.2573D+00
12 4 -0 17730+00 0.1866D+00 0.2573D+00
12 5 -0 20090+00 0 • 1797D+00 0.23950+00
12 6 -0 20780+00 0.2221D+00 0.2259D+ 00
12 7 -0 22190+00 0.2606D+00 0.20820+00
12 8 -0 2075D+00 0.21470+00 0. 17800+ 00
12 9 -0 1606D+00 0.2288D+00 0.15760+00
12 10 -0 17400+00 0.20250+00 0.12940+00
12 11 -0 16790+00 0.1841D+00 0. 1060D+00
12 12 -0 1461D+00 0.17640+00 0.866ID— 01
12 13 -0 13610+00 0.15590+00 0.6908D— 01
12 14 -0 13490+00 0.13030+00 0.5472D— 01
12 15 -0 1369D+00 0.10360+00 0.4372D—01












































































































12 16 -0 13980+00 0.77270-01 0.35680-01
12 17 -0 14230+00 0.51300-01 0.30110-01
12 18 -0 14410+00 0.25590-01 0.26630-01
12 19 -0 1452D+00 0.0 0•2495D— 01
13 2 0 0 0.0 0.0
13 3 -0 30360+00 0.0 0.26930+00
13 4 -0 2878D+00 0.1213D+00 0.26930+00
13 5 -0 23440+00 0.21250+00 0.25960+00
13 6 -0 26980+00 0.19330+00 0.23980+00
13 7 -0 20660+00 0.22370+00 0.22710+00
13 8 -0 1575D+00 0.23260+00 0.2053D+00
13 9 -0 1724D+00 0.21510+00 0.17640+00
13 10 -0 19660+00 0.20730+00 0.1504D+00
13 11 -0 1930D+00 0.2005D+00 0.12520+00
13 12 -0 16370+00 0.18440+00 0.10200+00
13 13 -0 1478D+00 0.16080+00 0.8252D— 01
13 14 -0 1442D+00 0.13380+00 0.67040-01
13 15 -0 1464D+00 0.10610+00 0.55250-01
13 16 -0 15020+00 0.78990-01 0.46600-01
13 17 -0 15350+00 0.5237D—01 0.4056D— 01
13 18 -0 15590+00 0.26110-01 0.3675D— 01
13 19 -0 15730+00 0.0 0.34910-01
14 2 0 0 0.0 0.0
14 3 -0 4440D+00 0.0 0.2945D+00
14 4 -0 40200+00 0.1699D+00 0.29450+00
14 5 -0 3265D+00 0.1703D+00 0.2756D+00
14 6 -0 3234D+00 0.20750+00 0.26140+00
14 7 -0 24650+00 0.22680+00 0.2429D+00
14 8 -0 15130+00 0.2086D+00 0.22010+00
14 9 -0 1821D+00 0.18940+00 0.1966D+00
14 10 -0 2350D+00 0.19900+00 0.17430+00
14 1 1 ~0 2427D+00 0.21950+00 0.1489D+00
14 12 -0 1773D+00 0.20110+00 0.1208D+00
14 13 -0 15180+00 0.1708D+00 0.97990-01
14 14 — 0 14820+00 0•1391D+00 0.80810-01
14 15 -0 15270+00 0.10870+00 0.6813D—01
0.34460-01 0. 7025D+02 0 11440+02
0.28900-01 0.69370+02 0 11190+02
0.2541D—01 0.68440+02 0 10960+02
0.23740-01 0.67430+02 0 10 760+02
0.0 0.6000D+02 0 10000+02
0.2729D+00 0.63650+02 0 1315D+02
0.26830+00 0.66520+02 0 15200+02
0.25860+00 0.67570+02 0 15780+02
0.23870+00 0.67820+02 0 15570+02
0.22610+00 0.6949D+02 0 1537D+02
0.20430+00 0.70190+02 0 1474D+02
0.1753D+00 0.71250+02 0 14160+02
0. 14930+00 0.72100+02 0 1363D+02
0.1240D+00 0.7280D+02 0 13170+02
0.10080+00 0. 7282D+02 0 1271D+02
0.81320-01 0.72 560+02 0 12320+02
0.65820-01 0.72110+02 0 I198D+02
0.S403D-01 0.7149D+02 0 11670+02
0.4538D—01 0.7076D+02 0 1 1390+02
0.3934D—01 0.6994D+02 0 1 1 120+02
0.35530-01 0.69030+02 0 1087D+02
0.3369D—01 0.68010+02 0 10640+02
0.0 0.6000D+02 0 10000+02
0.30470+00 0.60010+02 0 12770+02
0.29360+00 0.6197D+02 0 14680+02
0.2747D+00 0.6173D+02 0 14850+02
0.26040+00 0.62460+02 0 1468D+02
0.24190+00 0.6523D+02 0 14630+02
0.2190D+ 00 0.67540+02 0 14280+02
0.19550+00 0.6922D+02 0 13810+02
0.1732D+00 0.69560+02 0 13180+02
0.1477D+00 0.70610+02 0 12770+02
0.11960+00 0.7176D+02 0 12490+02
0.9679D—01 0.72210+02 0 12190+02
0.7960D— 01 0.72200+02 0 11910+02























15 19 -0. 1817D+00


































































































































































































16 16 -0. 16610+00 0.74420-01 0.8676D— 01
16 17 -0.18130+00 0.4581D-01 0.80490-01
16 18 -0.18920+00 0.19690-01 0.76600-01
16 19 -0.1990D+00 0.0 0.74860-01
17 2 0.0 0. 0 0.0
17 3 -0.63450+00 0.0 0.43050+00
17 4 —0.7864D+00 0.39120+00 0.44510+00
17 5 —0.4324D+00 0.41210+00 0.3853D+00
17 6 -0.31410+00 0.35640+00 0.3256D+00
17 7 -0.1548D+00 0.44380+00 0.30150+00
17 8 -0.13600+00 0.34250+00 0.26160+00
17 9 -0.13280+00 0.32470+00 0.24160+00
17 10 -0.96840-01 0.2596D+00 0.2173D+00
17 11 -0.35940-01 0.28250+00 0.20100+00
17 12 -0.27470-01 0.25900+00 0.17280+00
17 13 -0.7991D—01 0•2044D+00 0.14300+00
17 14 -0. 1104D+00 0.15330+00 0.12270+00
17 15 -0.13320+00 0.10350+00 0.10930+00
17 16 -0.1581D+00 0.5893D— 01 0.10100+00
17 17 -0.19330+00 0.3442D-01 0.96050-01
17 18 -0.19340+00 0.20170-02 0.9303D— 01
17 19 -0. 17240+00 0.0 0.91920-01
18 2 0.0 0.14980+01 0.0
18 3 0.1473D+00 0.14980+01 0.60000+00
18 4 0•9479D+00 0.79500+00 0.54730+00
18 5 0.31160+00 0.65980+00 0.49500+00
18 6 -0.1975D+00 0.42140+00 0.36660+00
18 7 —0.2481D+00 0.3844D+00 0.3127D+00
18 3 -0.15220+00 0.27820+00 0.27090+00
18 9 -0.95210-01 0.27290+00 0.25180+00
18 10 -0. 1262D+00 0.23910+00 0.2244D+00
18 11 -0.34230-01 0.2544D+00 0.20400+00
18 12 -0.3963D— 01 0.23580+00 0.17620+00
18 13 -0.74590-01 0.19760+00 0.15170+00
18 14 -0.10080+00 0.15340+00 0.13310+00


































































































































































































0* 2074D + 00 
0* 18050+00 

































































































































20 16 —0*1518D+00 0*59790-01 0*12660+00
20 17 -0* 1512D + 00 0*31840-01 0*12420+00
20 18 -0. 17610+00 0*29040-01 0*12270+00
20 19 -0.16350+00 0*0 0* 12160+00
21 2 0* 0 0.0 0*0
21 3 0*22860+00 0*0 0*45380+00
21 4 0* 5922D+00 0 *3760D+00 0*45380+00
21 5 0*51830+00 0.6224D+00 0* 4364D + 00
21 6 0* 3072D+00 0*53930+00 0.39010+00
21 7 0*30 340+00 0.5063D+00 0* 3474D+00
21 8 0*23690+00 0.4751D+00 0*30410+00
21 9 0*16550+00 0*32670+00 0* 2653D+00
21 10 0*1608D+0C 0*30810+00 0*24600+00
21 11 0.4107D-01 0.27230+00 0*21560+00
21 12 -0*28580-01 0 *20890+00 0*18680+00
21 13 — 0* 5534D—01 0.18180+00 0*17360+00
21 14 -0.68510-01 0*15640+00 0*1620D+00
21 15 -0.13510+00 0*1277D+00 0*1492D+00
21 16 -0*14980+00 0.9044D-01 0.13890+00
21 17 -0*1693D+ 00 0.30020-01 0*13230+00
21 18 — 0* 2042D +00 -0.39410-02 0* 1308D+00
21 19 -0.1974D+00 0.0 0*1310D+00
22 2 0* 0 0.0 0* 0
22 3 -0.49530+00 0*0 0.43170+00
22 4 0* 2877D+00 0.29870+00 0*42940+00
22 5 0.5849D+00 0*54940+00 0*4130D+ 00
22 6 0.38520+00 0•6291D+00 0* 3698D+00
22 7 0*28560+00 0*53210+00 0*31680+00
22 8 0.17380+00 0.4709D+00 0*28150+00
22 9 0* 18080+ 00 0.37990+00 0* 2537D+ 00
22 10 0* 18110 + 00 0.3527D+00 0.23430+00
22 1 1 0*1074D+00 0.3206D+00 0*2125D+00
22 12 -0* 1355D-01 0* 25360+00 0.1893D+00
22 13 -0*47080-01 0•2399D+00 0.17670+00
22 14 -0.58520-01 0.20470+00 0*1663D+00













































































































22 16 -0.3186D-01 0.2 014D+00 0.15160+00
22 17 —0.4338D—01 0.11340+00 0. 1443D + 00
22 18 -0.3694D-01 0.48520-01 0. 14270 + 00
22 19 -0.45640-01 0.0 0.14220+00
23 2 0.0 0.97650+00 0.0
23 3 0.7926D+00 0.97650+00 0.59120+00
23 4 0.4315D+00 0•5749D+00 0.40640+00
23 5 0.57930+00 0.4951D+00 0.3689D+00
23 6 0.39910+00 0.5036D+00 0.33940+00
23 7 0.26250+00 0•4827D+00 0.3013D+00
23 8 0.2563D+00 0.48660+00 0.2735D+ 00
23 9 0•2214D+00 0.41640+00 0.24480+00
23 10 0.2126D+00 0•3925D+ 00 0.22580+00
23 11 0. 1183D+00 0.3743D+ 00 0.20760+00
23 12 0.3485D— 01 0.3089D+00 0.1907D+ 00
23 13 0.6703D-02 0.27670+00 0.17910+00
23 14 -0.61940-01 0.20760+00 0.16790+00
23 15 — 0•4291D—01 0.2096D+00 0. 16 180+00
23 16 -0.61830-01 0.18770+00 0.1525D+00
23 17 -0.5771D— 01 0.10990+00 0.1452D+00
23 18 —0.3196D—01 0•5893D—01 0.14310+00
23 19 -0.3700D-01 0.0 0.1426D+00
24 2 0. 0 0.0 0. 0
24 3 0.3773D+00 0.0 0.35210+00
24 4 0.29210+00 0.26260+00 0.35930+00
24 5 0.41500+00 0.3735D+00 0.33490+00
24 6 0.39070+00 0.5055D+00 0.3182D+00
24 7 0.2392D+00 0.47840+00 0.28440+00
24 8 0.24410+00 0.43870+00 0.25640+00
24 9 0.2141D+00 0.38400+00 0.2331D+00
24 10 0. 1760D + 00 0.3670D+00 0.21710+00
24 11 0.1271D+00 0.36700+00 0.2039D+ 00
24 12 0.62550-01 0.32840+00 0.19000+00
24 13 0.62840-01 0.28320+00 0.17930+00
24 14 0.44160-01 0.2128D+ 00 0.1706D+00
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30 16 0. 17910+00 0.74500-01 0 12770+00
30 17 0. 1752D+00 0.5692D-01 0 1214D+00
30 18 0.16980+00 0.28380-01 0 1169D + 00
30 19 0.1683D+00 0.0 0 1147D+00
31 2 0.0 0.0 0 0
31 3 0.1659D+00 0.0 0 14700+00
31 4 0* 2743D+00 0.33300-02 0 14700+00
31 5 0.23040+00 -0.14550-01 0 14700+00
31 6 0.17660+00 -0.13800-01 0 1483D+00
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31 8 0.2126D+00 0.30800-01 0 14850+00
31 9 0.20620+00 -0.21590-01 0 14710+00
31 10 0.19330+00 0.2570D-01 0 14810+00
31 11 0.24260+00 0.5748D—01 0 14680+00
31 12 0.2364D+00 0.84990-01 0 14460+00
31 13 0.2022D+00 0.12040+00 0 1399D+00
31 14 0.1746D+00 0.9922D— 01 0 12820+00
31 15 0.1697D+00 0.84580-01 0 11930+00
31 16 0.16210+00 0.64500-01 0 1122D+00
31 17 0.15720+00 0 .4487D— 01 0 10710+00
31 18 0.15390+00 0.2269D-01 0 10380+00
31 19 0.15270+00 0.0 0 1022D+00
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32 3 0.11430+00 0.0 0 13650+00
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32 9 0.2072D+00 0.42190-01 0 13760+00
32 10 0.19080+00 0.2941D— 01 0 1349D+00
32 11 0.25660+00 0.20040-01 0 13200+00
32 12 0.24170+00 0.83940-01 0 1308D+00
32 13 0.2007D+00 0.11740+00 0 12370+00
32 14 0.16440+00 0.9096D-01 0 1125D+00
32 15 0.1496D+00 0.73470-01 0 1051D + 00
0 1265D+00 0.75550+02 0 1155D+02
0 12010+00 0.75650+02 0 11470+02
0 11560+00 0.74820+02 0 1128D+02
0 11350+00 0.7365D+02 0 11070+02
0 0 0.6000D+02 0 10000+02
0 14750+00 0.6620D+02 0 12720+02
0 14580+00 0.68590+02 0 13740+02
0 1458D+00 0.68770+02 0 1383D+02
0 14710+00 0.69860+02 0 13710+02
0 14850+00 0.71810+02 0 I367D+02
0 1473D+00 0.7207D+02 0 1322D+02
0 14590+00 0.70400+02 0 1241D+02
0 1469D+00 0.71230+02 0 12090+02
0 14560+00 0.7218D+02 0 11920+02
0 1435D+00 0.73380+02 0 11870+02
0 1387D+00 0.75020+02 0 1 1930+02
0 1269D+00 0.7549D+02 0 11840+02
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34 12 0*16440+00 0 .76540-01 0.99240-01
34 13 0.10910+00 0.65370-01 0.9478D— 01
34 14 0.84440-01 0.70130-01 0*90870-01
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&SHADOW RANGEL=1•875* RANGEH=l•708* TLOW=l0.0•THIGH=20.0 SEND
* * * * * GAY b a y s e c o n d  t i d a l  c y c l e  * * * * * * * * *
TIME OF LOW TIDE = 10.0000H0URS RANGE OF LOW TIDE = 1.8750FEET
TIME OF HIGH TIDE = 20.0000HOURS RANGE OF HIGH TIDE = I.708 0FEET
SEA TEMPERATURE = 60.0000DEGS F SEA SALINITY= 28.0000PPTH
AIR TEMPERATURE= 20.0000DEGS F WET BULB TEMPERATURE = 20.1000DEGS F
AIR PRESURE= 1OOO.OOOOMILL IBARS
WIND SPEED = 0.0 WIND DIRECTION!WRTO X-AXIS) = 0.0 DEGREES
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S u b r o u t in e s  D eve loped  f o r  I m p l i c i t  C a l c u l a t i o n  o f  
T e m p e ra tu re  and  S a l i n i t y  (Not Used t o  O b ta in  R e s u l t s )
SUBROUTINE TSCX(2tDX.DY.K) TSCX 1
c***********************************************************************r sex
C********* CALCULATES TEMP AND SALINITY IN THE X DIRECTION ***********TSCX 3-.
C***********************************************************************TSCX 4 0
INTEGER El.E2oE3.E4 TSCX SO
REAL*8 SUB(801.SUP(80).DIAG(80)*B(8G) TSCX 6 C
REAL*8 U.V.L.LP.H.Z TSCX 7  C
DIMENSION 2<40.20)*DX(40.20)«DY(40.20).S(40.20) TSCX 8t
DIMENSION AL(40).CS(40)«BD(40)•D(40) TSCX 9'3




C0MM0N/B6/B TSCX 1 4 /_•
C0MM0N/B7/K0DE TSCX 150
C0MM0N/B8/S TSCX 16(
COMMON/B9/ L(40.20 ) «LP(40.20)•H(40•20) .U(40•20)•V(40.20).UM0V£(4C .TSCX 17(
120).VM0VE(40.20) TSCX ia:
C0MM0N/C4/E1•E2.E3.E4 TSCX 1 9 C
C TSCX 20 v
c SET UP UPPER DIAGONAL -SUP- TSCX 2 1 C
c TSCX 2 2 -
DO 25 J=MIN»MAXI TSCX 2 3;
CS(J)=-(-(L(J.K)+L(J+1.K)+H<J.K-1)+H(J.K))*U(J.K)+(LP(J,K)+LP<J+i .TSCX 24.
IK)+H(J.K— 1)+H(J.K) )*DX(J.K)*(2«C/DELX))*(DELT/(8o0*DELX)) TSCX 2 5
c TSCX 26 T
c SET TRANSPORT AT THE BOUNDARIES EQUAL TO ZERO TSCX 27
c TSCX 28 T
c TSCX 2 9 0
c TSCX 3
CS(MAXI)=0eC TScX 31:
IF(J* EG»MAX 1)GO TO 25 TSCX 32
SUP<J—MINA)=CS(J) TSCX 33
25 CONTINUE TSCX 34 r
SUP(MAXA)=C*C TSCX 35-'
c TSCX 36 '
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SET UP THE S TERM FOR EACH GRID POINT
TSCX 73 
TSCX 7 4c 
TSCX 7 b-.* 
TSCX 7u 










SET UP THE CONSTANT VECTOR -B
DO 29 J=MIN.MAXI
D( J) = Z!J.K)*!0»25*(H!J-1,K-1)4-H( J-l, K)+H! J.K-l )+H! J.K) )+L( J.K) ) + ( TSCX Pi. 
I!L!J.K-1)+L< J.K)+H(J-1,K-1)+ H(J.K-l))*V!J.K-l )*!Z!J,K-1 )+Z!J.K ) )-! TSCX 8V 
2L( J.K )+L! J.K-U )+H!J-l,KH-H!J.K))*V!J.K)*!Z!J.K+l) + Z!J,K>)>*! DEL T/ ( TSCX 84 
38# 0*DELX) )-((L(J.K-l)+L(J.K)+H(J-l .K-l )+H(J.K— 1))* DY(J .K- 1 )*{Z (J.TSCX 83: 
4K)-Z< J.K-1 ) )-! L(J.K)+L(J.K+1)+H(J-1,K)+H(J,K))* D Y ! J . K ) * ! Z I J . K+1 )-TSCX 3 6 
5Z(J.K ) ) )*DELT/I4#C*!DELX**2 ) )+!C#25*IH!J ,K )+H!J,K-1)+HIJ-l.K ) + TSCX 87 
6H{J-l ,K-1)>+L(J.K) )*S(J.K)*D£LT/2#0 TSCX 88
BC J—M IN A )=D( J ) TSCX c  T
C TSCX 9;.
C TSCX 91
29 CONTINUE TSCX 92C
C SOLVE TEE TRIDIAGONAL TSCX 53
C TSCX 94
M=(MAXI-MIN)+i TSCX 9V.
CALL TRIDISUB. SUP. CIAG.B.M) TSCX 9tV
CONTINUE TSCX 9/
RETURN TSCX 9h
902 FORMAT! 1H0.///, • I* . 15 X, • SUB (D'.lSX.'SUPdM.lSX.^DIAG! I > • , 15X, • B! TSCX 9 9v 
ii)*) t s c x i c ;
903 FORMAT!lHC. 15.4E2C j7) TSCX1.1'
END TSCX1 8
SUBROUTINE TSCY(Z.OX,DY,J> TSCY 1
C*********** * * * *********************************************************f SCY 2 •;
C******** CALCULATES TEMP AND SALINITY IN THE Y DIRECTION ************TSCY 3;
C************************ * * * * * * * * * * * * * * * * * * * * * * * * ***********************TSCY 4
INTEGER El.E2.E3.E4 TSCY 5
REAL*8 SUB(80) .SUP( 80 ) •DI AG(80)•B(82) TSCY 6v
REAL*8 U.V.L.LP.H.Z TSCY 7<
REAL*8 SUP I.SUBI.DIAGI.BI TSCY 4 ■'
DIMENSION SUPI ( 4C > .SUBI (42) .DIAGI (42) . 01 ( 4Ci> TSCY )
DIMENSION Z(40«2J)»DX( 40 • 22 ) ,DY (40.20 . S ( 40 . 2 ) TSCY i :• •
DIMENSION AL(40).CS(40).BD(40).D(40) TSCY 11 -
C0MM0N/A3/TIME.TMAX.TPRINT.TIMER.THR.DELT TSCY 12
COMMON/A4/DELX.SETD.CMANN,SETC TSCY 1 3'
COMMON/R3/MIN.MAX.NAX TSCY 1 4-;
C0MM0N/B5/MINY,MINYA »NAX1.NAXll.NA XA TSCY l s-
C0MM0N/B6/B TSCY 16 .
C0MM9N/B7/K0DE TSCY 17'
C0MM0N/B8/S TSCY 1 3f.
C0MM0N/B9/ L (40.2C ) ,LP(40.20)•H (40,22) *U (40.20).V (4C .22),UMOVE(4v,TSCY 1 90
120).VMO VE(40,2C ) TSCY 2
C0MM0N/C4/E1.E2.E3.E4 TSCY 21 ■
IF(V (El.3)*GT»0»G)Z(EI.3)=Z(El.2) TSCY ? ?. •:
IF(V ( E2 *3)jGT*0.3 )Z(E2 .3)=Z(E2.2 ) TSCY 2 3 '
IF(V(E3,3)»GT9CsC>Z(E3,3)=Z(E3.2) TSCY 24 '
IF(V(E4«3 ) »GT•0«u)Z(E4,3)=Z(E4,2) TSCY 25
c TSCY 2 6 ■'
c SET UP UPPER DIAGONAL -SUP- TSCY 2 7.
c TSCY 29
00 59 K=MINY,NAXI TSCY 29:'
C S (K )=— ( — (LP(J.K)+LP(J »K+1 )+ H (J-l. K )-i-H ( J ,K) ) *V( J.K) + (L(J.K)+ L( J.KT SCY J
1+1 )+H(J-l,K)+H(J.K ) )*DY(J.K)*{29 2/DELX) )*(DELT/(B,:*DELX) ) TSCY 11
c H o -< i  P
c SET TRANSPORT AT THE BOUNDARIES EQUAL TO ZERO TSCY 13
c T SCY 34
CS(NAX 1 > = 0?C TSCY 1 3

















S U P I K - M I N Y A ) = C S I K ) TS CY 37
5 9  C O N T I N U E  T S C Y  3*'
S U P I N A X A ) = C s  -S T S C Y  34'.-
TSCY *:~
C A L C U L A T E  MA I N  D I A G O N A L  - D I A G -  T S C Y  4 1
T S C Y  4 2 f
DO 6 0  K = M I N Y • N A X I  T S C Y 4 3 '
B D ( K ) = • 2 5 * ( H ( J - l , K - 1 > + H ( J . K - 1 ) +  H I J - l  , K ) + H I J . K ) >+ L I J , K ) - ( L P ( J . K - 1 ) T 3 C Y  4 4  
l + L P t  J . K  ) + H (  J - l  , K - 1  ) + HI  J . K -  1 ) > * V <  J . K - l  ) * ( D E L T / ( 8 »  , ' * D E L X  ) ) + ( L P  ( J .  K ) 4 TS  C Y 4 5  
2 L P I J .  K+ 1 ) + H I J . K ) + H I J - l , K ) > # V I J , K ) * l  D E L T / ( 8  .•> Q * D E L X  ) ) + ( L  ( J . K - l  ) + L (  J . T S C Y  <+6 : 
3K ) +HC J - l .  K - l  ) +H(  J . K - l  ) ) *  DYC J . K - l  ) *  ( D E L  T / ( 4 s  0 *  { D E L X * * 2  ) ) ) + (  L< J  . K TS CY 4 7 
4 ) + L t J . K  + i  ) * H t J - 1 , K ) + H l J . K )  ) *  DY ( J  , K  ) *  ( D E L T  ( D E L X * * 2  ) ) )  T S C Y  4 8 '
D I A G I K - M I N Y A ) = B D I K ) T S C Y  4 4 .
6 0  C O N T I N U E  T S C Y  5 j .
T S CY  5 1 -
S E T  LOWER D I A G O N A L  - S U B -  T S C Y  5  2
T S C Y  5  3
DO 6 1  K = M I N Y , N A X 1  T S C Y  S 4 ‘
A L I K ) = (  —( L P C  J . K - 1 ) + L P ( J . K ) + H I J — l . K —1 ) + H I J . K - l ) ) * V ( J . K - l  ) - ( L ( J . K - l ) TS CY 5 5
1 + L I J . K ) + H t J - l , K - l ) + M  J . K - l ) ) *  D Y I J  , K - 1  > * t 2 3 / D E L X ) ) *  I D E L T / I 8 3 L* DELX TS CY 5 5  :
2) ) T S C Y S 7
T S C Y 58:'
SET TRANSPORT AT THE BOUNDARIES EQUAL TO ZERO T S C Y D V
T S C Y .
ALIM INY ) = 0oC ■ T S C Y 8 1
SUBIK —MI NY)=ALIK) T S C Y "
CONTINUE T S C Y 6 J
SUBINAXA)=OoO T S C Y 84
DO 62 K=MI NY.NAX1 T S C Y U J
T S C Y £ ( > .
SET OP THE S TERM FOR EACH GRID POINT TSCY 8 (
T SC Y ■5
DEP=I I0a25*(H(J,K)+H(J— 1,K)+H(J »K — 1 ) +H (J— l.K — 1)) ) +L ( J • K ) ) / 3 3 ?.ti 1 T S C Y )
TEL = Z IJ,K ) T j  CY 7
IFIKOCEoEO.O) DT w= CeC T S C Y 71
IF IKODEtiEQe 1 ) CALL TEMP(TIME,DT W »TEL ,DEP ) TSCY 7 2 '
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SUBI( I ) =SUB (II) TSCY I y.
01 AGI(I)=DIAGC 11+ 1 ) TSCY 1 1 .
BI ( I) =8 ( 11 +1 ) TSCY1U
1 CONTINUE T SCY112
01 AGI(M) = D I AGC 1) TSCY 113
BI(M)=B(1 ) TS CY 114
CALL TR ID<SUBI,SUPI.DIAGI.81»M> TSCY11S
DO 2 1=1,MM TSCYilo
11=M— I TSCY 117'
2 B< I) = BI< I 1 +1) TSCY 1 I o  •'
B(M)=EI(1) TSCY119^
CONTINUE TSCY 12 1.
RETURN TSCY121.
902 FORMA T ( 1H0.//V. • I •,15X,»SUB< I ) • .1 5X,*SUP( I 1 • , 1 5X , • D I AG ( I) • , 1 5X , • 8( TS CY 1 2 2 
1I)») T SCY12 3
903 FORMAT ( 1HQ * IS,4E2C«7) TSCY12<*
ENC TSCY125
APPENDIX E
COMPUTER PROGRAM FOR THE 
SOLUTION OF THE ENERGY EQUATION 
APPLIED TO A GIVEN POINT IN AN 
ESTUARY
The program d escr ib ed  in  t h i s  appendix i s  th e s o lu t io n  to  the  
energy eq u ation  as i t  a p p lie s  to  a g iv en  p o in t in  an e s tu a r y .
I t  i s  e q u iv a len t to  u sin g  GAYBAY when the c o n v e c tiv e  and d i f f u ­
s iv e  terms are n e g l ig ib le .  This program a p p lie s  the subroutine  
TEMP to  the p o in t in  q u es tio n .
The v a r ia b le s  needed fo r  t h is  program are l i s t e d  in  Table E - l .  
With t h is  in p u t, a 24 hour tem perature v a r ia t io n  can be obta ined  




TABLE E - l
INPUTS FOR THE SPOT 
TEMPERATURE PROGRAM
V a r ia b l e U n i t s C ard Form at
CP
( w a te r  h e a t  c a p a c i t y )
k c a l /k g ° C 1
RHO
( w a t e r  d e n s i t y )
kgs /m ^ 1
6 F 1 0 .4
D
( w a te r  d e p t h )
m 1
TOL
( i n i t i a l  w a te r  
t e m p e r a t u r e )
°F 1
TA1R
( a i r  t e m p e r a t u r e )
°C 1
TWB
(w et b u lb  te m p e ra ­
t u r e )
°C 1
PAIR 
( a i r  p r e s s u r e )
m i l l i b a r s 2
3F 1 0 .4
QRAD 
(noon  s o l a r  
r a d i a t i o n )
k c a l /m  se c 2
W
(w ind s p e e d )
m/ sec 2
DELT 
( t im e  s t e p )
s e c 3 F 1 0 .4
3i
o  o  o  -« cm n
z z z z
< <  
X  X  
#  *  
*  *  
*  *  
#  *  
*  *  
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< #







a *3 * 
b *  
<  *  
a * 
uj * 
a  * 
x *
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1.0000 IC O.O jOG 1*0000 14*0000 2te .GOG 20*0000
1000*0000 0*3333 0*005
60*00
RHO C TOL TAIR TWB PAIR QPAX W DELT
0 0 0 0 1 0 0 0 * 0 0 0 0  1 * 0 0 0 0  1 4 * 0 0 0 0  2 0 * 0 0 0 0  2 0 * 0 0 0 0 1 0 0 0 * 0 0 0 0  0 * 3 3 3 3  0 * 0 0 5 0  6 0 * 0 0 0 0
HOLRS MINUTES TEMP INC RAO
1*0000 60*0000 14*1414 0*0546
2*0000 120*0000 14*6429 0*1102
3*0000 180*0000 15*5049 0*1657
4*0000 240*0000 16*7273 0*2213
5*00C0 300*0000 18*3104 0*2768
6*0000 360*0000 20*2547 0*3324
7*0000 420*0000 22*2064 0*2787
8*0000 480*0000 23*7992 0*2231
9*0000 540*0000 25*0331 0*1676
10*0000 600*0000 25*9077 0*1120
11*4000 660*0000 26*4229 0*0565
12*0000 720*0000 26*578 2 0*0009
13*0000 780*0000 26* 10 55 0*0
14*0000 840*0000 25*6341 0*0
15*0000 900*0000 25*1640 0*0
16*0000 960*0900 24*6954 0*0
17*0000 1020*0000 24*2281 0*0
18*0000 1080*0000 23*7621 0*0
19*0000 1140*0000 23*2975 0*0
20*0000 1200*0000 22*8343 0*0
21*0000 1260*0000 22*3724 0*0
22*0000 1320*0000 21*9117 0*0
23*0000 1380*0000 21*4525 0*0
24*0000 1440*0000 20*9944 0*0
RAO REF QEVAP QCONV QRRAD B
0*0 -0*0000 0*0055 0*0 -269*8210
0*0 -0*0000 0*0054 0*0 -267*3274
0*0 -0*0000 0*0054 0*0 -263*0212
0*0 -0*0000 0*0052 0*0 -256*8997
0*0 -0*0000 0*0051 0*0 -248*9594
0*0 —0*0000 0*0049 0*0 -239*2066
0*0 -0*0000 0*0047 0*0 -229*3585
0*0 -0*0000 0*0045 0*0 -221* 3089
0*0 -0*0000 0*0044 0*0 -215*0741
0*0 -0*0000 0*0043 0*0 -210*6413
0*0 -0*0000 0*0042 0*0 -208*0197
0*0 -0*0000 0*0042 0*0 -207* 2094
0*0 0*0008 0*0043 0*0678 5*2802
0*0 0*0008 0*0043 0*067 5 5*3396
0*0 0*0008 0*0043 0*0672 5*3988
0*0 0*0008 0*0044 0*0670 5* 4579
0*0 0*0008 0*0044 0*0667 5*5168
0*0 0*0008 0*0045 0*0665 5*5755
0*0 0*0008 0*0045 0*0662 5*6341
0*0 0*0008 0*0046 0*0660 5* 6925
0*0 0*0008 C*0046 0*0657 5* 7507
0*0 0*0008 0*0047 0*0655 S* 8088
0*0 0*0008 0*0047 0*0652 5*8666
0*0 0*0008 0*0048 0*0650 5*9244
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